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ABSTRACT
Equilibrium Studies of Ion Sorption on Zeolitized Tuff 
from Rainier Mesa, Nye County, Nevada
by
Derek Alan Sloop
Dr. Charalam bos Papelis, Exam ination Com m ittee C hair 
A ssistant Research Professor 
D esert Research Institute 
U niversity of Nevada, Las Vegas
The partitioning of solutes between the solid  m ineral and aqueous phase 
frequently controls the fate and transport o f contam inants in the subsurface environm ent. 
Consequently, param etric studies were performed to investigate the equilibrium  sorption 
of Pb(II), Sr(ET), Cr0 4 "', and SoOb”' ions on zeolitized tuff from R ainier M esa, Nevada, 
and on clinoptilolite from Jordan Valley, Oregon. The fractional uptake o f the ions on the 
zeolitized tu ff was investigated so that sorption isotherm s and partitioning coefficients 
describing the affinity o f the ions for the zeolitized tu ff could be calculated. The 
fractional uptake o f the ions on the clinoptilolite was investigated so that a com parison 
between the natural zeolitized tu ff and the most com m on zeolite present in the tuffs could 
be made. A long with the geochem ical parameters calculated, an interpretation o f  the 
qualitative differences in the partitioning behavior o f these ions was made. This study
iii
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indicates a m arkedly different behavior betw een the two cations, betw een the tw o anions, 
and between the cations and anions. Batch equilibrium  sorption studies w ere perform ed 
as a function o f  pH, ionic strength, total solid adsorbent concentration, and  total ion 
concentration in order to evaluate the im portance o f these geochem ical param eters, and to 
investigate any sim ilarities and differences in the partitioning behavior betw een these four 
ions.
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CH A PTER I
INTRODUCTION
Sorption is the general term  for any num ber o f processes w here solutes in natural 
waters are taken up by the solids they contact. Sorption processes can include adsorption, 
absorption, or surface precipitation. Adsorption is the accum ulation o f  solutes at the 
interface betw een an aqueous solution phase and a solid adsorbent w ithout the 
developm ent o f a three-dim ensional m olecular arrangem ent. T his definition implies the 
form ation o f  a tw o-dim ensional m olecular arrangem ent on the surface, and the terms 
specific sorption and non-specific sorption are som etim es used to denote chem isorption 
and physisorption. respectively. Absorption is the incorporation o f an aqueous chem ical 
species into a solid phase by diffusion or some other m eans, such as dissolution o f the 
solid follow ed by reprecipitation o f the solid w ith the form erly aqueous chemical species 
included as part o f  a solid inclusion. Surface precipitation is the form ation of a solid 
phase o f a different com position and structure than the solid substrate that exhibits a 
three-dim ensional structure (B row n, 1990).
The partitioning of solutes between the solid mineral and aqueous phase by one o f 
these three processes is o f particu lar im portance to environm ental scientists and engineers 
for several reasons. For exam ple, solid-liquid interactions play a  critical role in the
1
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quality o f  the world's fresh water, the developm ent o f soils, and the geochem ical cycling 
o f elements (H ochella and W hite, 1990). M ore important, however, the sorption o f 
solutes at the solid-liquid interface can effect the fate and transport o f potentially 
hazardous elem ents throughout the hydrogeosphere. In fact, it has been said that the 
distribution o f  solutes at the m ineral-w ater interface is often the param ount process 
controlling the m igration o f contam inants in the subsurface environm ent (Piw oni and 
Keeley, 1991). For this reason, the partitioning o f solutes between the solid m ineral and 
aqueous phase m ust be known during any attem pt to characterize the fate and transport of 
contam inants in the subsurface. The failure to consider sorption processes can result in 
an overestim ation o f the am ount o f a contam inant at a point some distance from  the 
source, as well as the tim e required for travel. It has been noted by various researchers 
that by gaining an understanding of the chem ical and physical characteristics o f  the 
contam inant, the com position o f the surface o f the solid, and the fluid m edium 
encom passing both, the im pact o f sorption on the movement and distribution o f 
contam inants in the subsurface can often be explained (Bedient et al., 1994).
Background
Since the start o f the U nited S ta tes’ nuclear weapons testing program  at the 
N evada Test S ite (NTS) on January 27, 1951, over 100 atmospheric nuclear tests and 804 
underground nuclear tests have been conducted at the NTS (U.S. Departm ent o f  Energy. 
1994). U nderground testing o f nuclear devices was carried out in a variety o f geologic 
and hydrogeo logic environm ents, and was begun in order to prevent the atm ospheric 
fallout o f radioactive debris from aerial detonations at the NTS. These underground
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
nuclear detonations have released large quantities o f radionuclides and other hazardous 
materials into the subsurface aqueous environm ent, and any migration o f  these m aterials 
within and off o f the NTS in the groundwater poses both a potential hum an and 
ecological health hazard.
In an attem pt to assess whether the movement o f radionuclides at the NTS might 
be retarded due to sorption process, samples o f zeolitized tuff from Rainier M esa, Nye 
County, Nevada w ere collected. These particular sam ples were collected because their 
matrix controls the recharge rate o f groundwater to the underlying and more perm eable 
Paleozoic aquifers at the NTS, and because o f the intense interest by environm ental 
scientists and engineers in zeolites as potential natural barriers to the spread o f  aqueous 
contam ination. Specifically, this study tested the potential o f the widely distributed 
zeolitized tuff to retard the transport o f lead (Pb(II)), strontium  (Sr(H)), chrom ate 
(Cr(VI)), and selenite (Se(IV)) ions. These particular ions were selected for study 
because o f their potentially hazardous effects to plant and animal life, and because all o f 
the ions except Se0 3 “' can occur in the subsurface environm ent at the NTS as either 
fission products o f  past nuclear detonations (e.g. ^**Sr), or as by-products o f the m aterials 
that were used for the construction o f the devices (e.g. Pb was used for shielding o f  the 
devices, and C r w as used in the stainless steel o f the devices). The Se0 3 ' '  anion is not 
expected to occur in the subsurface environm ent at the NTS as a result o f the detonations, 
but it was selected for study for com parative purposes because it is known to be a 
strongly binding anion on hydrous oxide surfaces.
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The Ions of Interest
Lead is a Group IVB metallic elem ent that occurs naturally in the E arth’s surface 
usually in the +2 oxidation state. Lead has an average concentration o f  13 parts per 
m illion (ppm) in the E arth’s crust. The ch ief ore o f Pb is galena (PbS), how ever, it is also 
com m only found in nature as cotunnite (PbC L). anglesite (PbS0 4 ). cerrusite (PbCOa). 
and crocoite (PbCr0 4 ). The two m ajor com m ercial uses of Pb are in storage batteries, 
and, in the past, in gasoline as the antiknocking agent tetraethyllead, (C 2H5)4Pb (Chang, 
1988). In addition, for a num ber o f years white lead, Pb3(0 H)2(C 0 3 )3, was used as a 
pigm ent, but, because o f  its toxicity to hum ans, its use in the United States has been 
banned. A nother interesting use for Pb is that since the metal is relatively im penetrable to 
low-energy photon radiation, it is also used in protective shields for nuclear chem ists, X- 
ray operators, and radiologists.
Lead has no known beneficial function in human m etabolism , and it’s toxicity to 
hum ans has been known for over 2000 years (Chang, 1988). In addition to lead’s 
extrem e toxicity, its effects on humans are cum ulative. It can enter the body either as the 
inorganic lead cation (P b U  or as tetraethyllead (Chang, 1988). Inhaled or ingested Pb 
concentrates in the blood, tissues, and bones in mammals. A Pb content in hum an blood 
exceeding 0.40 ppm is considered dangerous. Lead poisoning is know n to cause anem ia, 
brain dam age, affect the central nervous system , and impair kidney functions (Chang, 
1988).
Strontium  is a naturally occurring alkaline earth metal that is also  found in nature 
in the +2 oxidation state. Strontium  has an average concentration o f  384 ppm  in the 
E arth ’s crust. It occurs in nature prim arily as the carbonate strontianite (S rC 0 3 ), or as the
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sulfate celestite (S rS 0 4 ). There are no large-scale uses o f  Sr, but Sr salts such as 
SrfN O ]): and SrCOg are used in red fireworks as well as in the red w arning flares on 
highways (Chang, 1988).
Being chem ically  sim ilar to calcium, strontium  only poses a health risk to hum ans 
when it is radioactive. The radioactive isotope "^ '’Sr, which has been released into the 
subsurface environm ent at the NTS, can potentially reach hum ans via a relatively short 
food chain. For exam ple. "*°Sr can be passed along to humans in m ilk from cows that 
have consum ed e ither contam inated grass or water. Because C a and Sr are chem ically  
sim ilar, ^°Sr"‘"‘ cations can replace Ca"*" cations in our bodies (Chang, 1988). R adioactive 
'*°Sr"'"' that has replaced Ca"^ in human bones would constantly expose the body to P- 
radiation w hich can lead to anem ia, leukemia, and other chronic illnesses (Chang, 1988).
C hrom ium  occurs naturally at the Earth’s surface at average concentrations o f  10 
to 100 ppm. C hrom ium  is a Group VI transition elem ent that occurs in the environm ent 
prim arily as Cr(HD- It is the 2 T ‘ most abundant elem ent in the E arth’s crust, but it occurs 
in much greater concentrations in the Earth’s core and mantle (Squibb and Snow, 1993). 
There are over 30 know n chrom ium -containing m inerals, including oxides, hydroxides, 
carbonates, sulfides, nitrides, silicates, and chromâtes. The most econom ically im portant 
chrom ium  ore, how ever, is chrom ite (FeCr204 ) (Squibb and Snow, 1993). C hrom ium  
ores are w idely used in the production o f steel and other metal alloys. The high resistance 
o f chrom ium  m etals to corrosion and their intense hardness and strength make them  
ideally suited for the m anufacture of vehicles, industrial equipm ent, and specialized 
machinery. In fact, 15% o f  the chrom ium  used in steel production in the U nited States 
goes to the production o f stainless steel (Squibb and Snow, 1993).
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Unlike Pb, w hich has no known beneficial function in hum an m etabolism. C r is a 
natural constituent o f living m atter and an essential trace elem ent for both plants and 
animals. Chrom ium  is required in living systems for norm al glucose tolerance. At higher 
concentrations and particularly  in the +6 oxidation state (CrO^" ). C r may be lethal or 
produce severe system ic toxicity to living systems. (Squibb and Snow . 1993). As a 
soluble anion, Cr(VI) can easily cross cell membranes and can be reduced and trapped 
intra-cellularly. The cation CrdH ), however, is normally soluble only when bound to 
organic com plexes and thus does not readily penetrate into cells (Squibb and Snow.
1993). Num erous reports have shown a strong correlation betw een exposure to insoluble 
Cr(IH) and weakly soluble Cr(VI) and human cancer. Because o f  the carcinogenicity and 
toxicity o f Cr, regulations and advisories exist regarding acceptable concentrations o f C r 
com pounds in air and w ater. For example, drinking w ater standards and guidance values 
for Cr range between 0.05 and 1.1 mg/L, and air quality standards for C r range from 0.05 
to 50 mg/m* (Squibb and Snow, 1993).
Selenium  is the 68'*’ m ost abundant element in the ea rth ’s crust with average 
concentrations ranging from  0.08 to 2 ppm. It is widely found in rocks and soils that are 
enriched with copper, silver, sulfur, and iron. It is mostly associated, however, with the 
sulfur ores o f heavy m etals, in small quantities in pyrite, and in the m inerals clausthalite 
(PbSe), naum annite (A giSe), tiem annite (HgSe), and cadm oselite ((3-CdSe) (Papelis.
1992). Selenium  is m ainly used in photography as a pigm ent, in electronics, and in 
sem iconductor fusion m ixtures (Papelis, 1992).
Selenium  has also been shown an essential trace elem ent for a num ber of 
organisms. For exam ple, deficiencies o f selenium are associated with a num ber of
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disorders including ovarian cysts, metritis, and a decreased conception rates in cattle 
(H ogan, 1993). It is known that deficiencies o f  Se affect the function o f the thyroid 
gland, causing a depression o f plasm a levels. A t higher doses. Se, like Cr. is clearly 
toxic. Even at less than lethal doses it can cause selenosis (Se poisoning). Unfortunately, 
at sublethal doses selenosis results in a broad range of adverse effects which makes the 
identification of selenium poisoning difficult (Hogan. 1993).
Research Objectives & Hypotheses
D ue to the potential adverse health effects that ions like Pb(II), Sr(H), C r0 4 "’. and 
S e O f  pose to humans, the fate and transport o f these ions in the subsurface environm ent 
is the focus o f substantial research efforts. T hese research efforts have shown that the 
sorption o f inorganic ions on mineral phases is one o f the m ajor processes controlling the 
concentration of inorganic contam inants in aqueous environm ents (Papelis. 1992). 
Sorption studies must be conducted, therefore, before transport m odels can provide 
accurate estimates of the fate o f aqueous contam inants. To further this effort at the NTS. 
several objectives were identified for this thesis. The first objective o f this thesis was to 
determ ine the extent o f the equilibrium  partitioning of Pb(II), Sr(H), C rO ^", and SeO j" 
betw een the zeolitized tuff from  Rainier M esa and the aqueous phase. This was done in 
order to increase our understanding of the sorption behavior o f  these ions on the 
zeolitized tuff, and to provide sorption isotherm s and partitioning coefficients o f  the ions 
for the zeolitized tuff. By doing this, this study helps to define the m obility of these metal 
ions at R ainier Mesa. In addition, preliminary studies o f the zeolitized tuff indicated that 
the predom inate zeolite mineral present in the volcanic tuff was clinoptilolite. The
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8second objective o f  this thesis, therefore, was to determ ine the equilibrium  sorption 
behavior o f  the sam e ions with m ineralogically pure clinoptilolite obtained from Jordan  
Valley, O regon. By doing this, a detailed com parison could  be made o f the equilibrium  
sorption behavior o f the ions between the natural, w ell-characterized zeolitized tu ff from  
the NTS and the simple mineral clinoptilolite w ith w ell-know n characteristics. T h is 
com parison o f the simple case (pure clinoptilolite) versus the com plex case (zeolitized  
tuff field sam ples) might provide a means to estim ate the partitioning o f these ions by 
other zeolitized  rocks, assuming that they also contain a significant percentage o f  the 
zeolite m ineral clinoptilolite. These types o f extrapolations would allow for a m ore 
w idespread use o f the partitioning coefficients that were calculated for the Pb(IT), Sr(U), 
Cr0 4 " , and  SeO]" ions. The last objective o f  this study was to obtain a detailed physical 
characterization o f both adsorbents. This was necessary because an understanding o f  the 
com position o f the surface o f the solid  is required in order to draw logical conclusions 
about the im pact o f  sorption on the movem ent and distribution o f contam inants in the 
subsurface environm ent.
T hese objectives were designed to test the follow ing hypotheses. It was 
hypothesized that the movement o f  these potentially hazardous ions in the saturated zone 
would be retarded due to interactions o f the inorganic ions with zeolitized tuff w hich is 
found w ithin  many o f the stratigraphie units at the N TS. In addition, it was hypothesized 
that cationic contam inants w ould be retarded to a greater extent than anionic 
contam inants on the zeolitized tuff, and lastly, that the zeolite m ineral clinoptilolite is the 
dom inant m ineral phase controlling the sorption behavior o f the ions.
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Thesis Organization
This thesis is divided into six  Chapters. Follow ing this introduction (C hapter 1 ). 
Chapter 2 provides background inform ation on the general geologic and hydrogeologic 
setting o f the study area, and on the physical and chem ical properties o f zeolites. The 
discussion on zeolites also provides background inform ation on their possible formation 
m echanisms and occurrence at the NTS. This background chapter is only in tended as an 
introduction to  each topic covered and is not meant to be exhaustive. A dditional 
inform ation can  be found in the references given. C hapter 3 presents the physiochem ical 
characterization o f the adsorbents, as well as the experim ental methods that were 
em ployed. T he results o f this thesis are presented in C hapters 4 and 5. C hapter 4 
discusses the batch equilibrium  sorption experim ents, the sorption param eter estim ations, 
and the chem ical spéciation m odeling o f the cations, w hile Chapter 5 discusses the results 
with the anions. The conclusions and recom m endations for future research are presented 
in Chapter 6.
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CHA PTER 2 
BA CKG RO UN D  INFORM ATION 
General Geologic Settings
The N evada Test Site
The NTS is a 1350 square m ile area in Nye County approxim ately 65 miles 
northw est o f Las Vegas, Nevada (Figure 1). The region is w ithin the southernm ost part 
o f the G reat Basin section of the Basin and Range physiographic province, and consists o f 
predom inantly north-south trending m ountain ranges separated by alluvial valleys. The 
area is an excellent exam ple of G reat Basin topography with the contrast in slope between 
the valley floors and flanking ridges striking, even when the re lief between them  is small 
(W inograd and Thordarson. 1975). The area also lies within one o f the m ost arid regions 
o f the U nited States. The average annual precipitation on the alluvial valleys ranges from 
3 to 6  inches per year, and on m ost o f  the mountain ridges and m esas the average is less 
than 10 inches (W inograd and Thordarson, 1975).
M any studies on the geology and hydrogeology o f the NTS and surrounding areas 
have been conducted including those by Blankennagel (1968), Ekren ( 1968), W inograd et 
al. (1971), Blankennagel and W eir (1973), and W inograd and Thordarson (1975). In 
general, the NTS and adjacent areas are within the m iogeosynclinal belt o f the Cordilleran
10
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Figure I . M ap o f the N evada Test Site and surrounding areas show ing the location o f 
Rainier M esa.
geosynciine, in which 37,000 feet o f marine sedim ents accum ulated during the 
Precam brian and Paleozoic Eras (W inograd and Thordarson, 1975). The region is also 
located within a Tertiary volcanic province in which extrusive rocks, locally more than 
13,000 feet thick erupted largely from caldera centers. Q uaternary detrital sequences, 
largely alluvium , fill m ost o f  the low-lying areas in the region.
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T he region underwent tw o m ajor periods o f  deform ation. T he  first orogeny 
occurred in the late M esozoic and  perhaps early Tertiary time, resu lting  in folding and 
thrust faulting o f the Precam brian and Paleozoic rocks. During the m id-to-late Cenozoic, 
the region underw ent normal block faulting, w hich produced the B asin  and  Range 
topography (W inograd et al., 1971). The intensely fractured Precam brian and Paleozoic 
carbonate and clastic rocks, and the block-faulted C enozoic volcanic and sedim entary 
strata at the NTS are divided into 10 hydrogeologic units in order o f  decreasing  age as 
follows: low er clastic aquitard; low er carbonate aquifer; upper clastic  aquitard; upper 
carbonate aquifer; tuff aquitard; lava-flow  aquitard; bedded-tuff aquifer; w elded-tuff 
aquifer; lava-flow  aquifer; and valley-fill aquifer (W inograd and T hordarson , 1975).
A ccording to W inograd and  Thordarson (1975), o f  the six aqu ifers in the region, 
the low er carbonate and the valley-fill aquifers have the w idest areal d istribu tion  and are 
the principal aquifers within the region. The rem aining four aquifers, how ever, have a 
limited occurrence in local areas, as in the case o f Jackass Flats w here the w elded tuff 
aquifer is the sole source o f w ater. The lower and upper carbonate aquifers and the 
w elded-tuff aquifer store and transm it groundw ater chiefly  through secondary  openings 
developed along fractures, but the bedded-tuff and the valley-fill aquifers store and 
transm it w ater chiefly through prim ary or interstitial openings (W inograd  and 
Thordarson, 1975).
Rainier M esa
R ainier M esa is the h ighest o f  a group o f ridges and mesas w ith in  the NTS, and it 
was the site  for the first series o f  nuclear detonations. It is approxim ately 9.5 square 
miles in area and reaches a m axim um  altitude o f  7,679 feet. The geology o f  Rainier M esa
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and its surrounding areas has been docum ented by Thordarson ( 1965), and by the authors 
cited in the previous section. For a detailed description o f  the area, one should  consult 
the references cited. In general, rocks exposed in the R ainier M esa area are o f  
sedim entary and igneous origin and range in age from  late Precam brian to the H olocene 
(Thordarson, 1965). The oldest rocks exposed are quartzite and argillite o f  Precam brian 
age and dolom ite o f Paleozoic age. These geologic units are, in turn, overlain by 
zeolitized tuff, friable-bedded tuff, and welded tu ff o f  the Indian Trail Form ation and the 
Piapi Canyon G roup o f Tertiary age. These three tu ff units, which range from  2000 to 
5000 feet in thickness, rest unconformably upon the thrust-faulted m iogeosynclinal rocks 
o f  Paleozoic age (Thordarson, 1965).
An understanding of the sorption potential o f  the zeolitized tuff at the base o f  the 
tuff sequence is o f  critical importance for R ainier M esa, because these w idely distributed 
rocks control the recharge rate of groundwater to the underlying and m ore perm eable 
Paleozoic aquifers (Thordarson, 1965). The zeolitized tuff found at R ainier M esa, which 
is 600 to 800 feet in thickness, is a fractured aquitard w ith high interstitial porosity, but 
with very low interstitial permeability and fracture transm issibility. The interstitial 
porosity o f the zeolitized tuff ranges from 25 to 38% , while the interstitial perm eability  is 
generally less than 0.005 gpd/ft“, and the fracture transm issibility ranges from  10 to 100 
gpd/ft (Thordarson, 1965). The zeolitized tuff is generally  fully saturated interstitially  
hundreds o f  feet above the regional water table, yet no appreciable volum e o f  w ater 
moves through the interstices because o f the very low  perm eability. The m ovem ent o f 
groundw ater is generally restricted to nearly vertical fractures and faults w ithin the highly 
zeolitized tu ff units (Thordarson, 1965).
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Zeolites
Zeolites are best defined as crystalline, hydrated alum inosilicate minerals 
enclosing cavities occupied by large ions and w ater m olecules, both o f  w hich have 
considerable freedom o f m ovem ent permitting ion exchange and reversible dehydration 
(Deer et al., 1992). Zeolites, along with quartz and feldspar m inerals, are tectosilicates. 
which m eans that they consist o f three-dim ensional fram eworks o f S i O / '  tetrahedra 
wherein all four com er oxygen ions o f each tetrahedron are shared w ith adjacent 
tetrahedra (M um pton, 1981). This arrangement o f  silicate tetrahedra reduces the overall 
S i;0  ratio to  1:2, and if each tetrahedron in the fram ew ork contains silicon (Si) as the 
central cation, the structure is electrically neutral, as in quartz (S iO i) (M um pton, 1981).
In zeolite structures, however, som e o f the Si"^ is replaced by trivaient alum inum  (A l'”"), 
giving rise to a  deficiency o f positive charge in the three-dim ensional fram ework. The 
net negative charge caused by the substitution o f  for Si^^ in the fram ew ork structure 
is then balanced by cations, generally Ca'^, Na" ,^ or contained elsew here in the 
cavities o f the framework (M um pton, 1981). T his substitution o f Al^"  ^ for Si'*'*' in the 
fram ework structure is responsible for the high cation-exchange capacities (CEC) o f 
zeolite m inerals with increasing substitutions increasing the CEC o f a zeolite  mineral. A 
general form ula for natural zeolites is (Li, Na, K)a(Mg, Ca, Sr, Ba)d[Al,a+2d)Sin-(a-r2d)0 2 nJ 
m HiO , where the part o f the chem ical formula in the square brackets represents the 
framework atom s and the part outside the square brackets represents the extrafram ew ork 
atoms, cations plus water m olecules (Gottardi and Galli, 1985).
The three-dim ensional framework structure o f zeolites is characterized by 
channels and relatively large interconnecting cavities in which the cations and water
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molecules are loosely bound, thus the cations and w ater m olecules can be readily 
rem oved or replaced w ithout disrupting the overall fram ew ork structure (H ay 1966). In 
practice, however, the cation-exchange behavior o f a  zeolite mineral also depends on a 
num ber of other factors including the framework topology (channel configuration and 
dim ensions), size and shape (polarizability) o f the ions, valence and charge density o f the 
ions , and the electrolyte com position and concentration in the external solution (M ing 
and M umpton, 1989). It has also been noted that, to som e extent, zeolite surface 
chem istry resem bles that o f sm ectite clays. In contrast to clays, however, natural zeolites 
can occur as m illim eter or greater sized particles, and are free o f the shrinking and 
swelling behavior o f clays (Haggerty and Bowman, 1994). Due to these unique 
properties, zeolites exhibit superior hydraulic characteristics, and may act as perm eable 
barriers for controlling the spread o f contam inated groundw ater by cation exchange 
(Haggerty and Bow m an, 1994). Since zeolites were discovered in 1756, about 50 natural 
species have been identified, and at least 150 species having no natural counterparts have 
been synthesized in the laboratory (M ing and M um pton, 1989).
Formation
The form ation o f zeolites in a  variety o f different geologic environm ents has been 
extensively docum ented by num erous investigators including Gottardi and Galli ( 1985), 
Hay (1966), H oover (1968), and M ing and M um pton (1989). In general, zeolites are 
form ed within a variety o f rock types, both marine and non-m arine, and are especially 
abundant in altered vitric tuffs. Zeolites found in vitric rocks are often form ed by the 
reactions of the constituent m inerals with pore water. Volcanic glass is a com m on 
reactant as are am orphous and poorly crystalline clay, m ontm orillonite, plagioclase.
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nephelin, biogenic silica, and quartz (Hay, 1981). Both clay minerals and zeolites can 
form  from a parent m aterial, and w hether a clay o r zeolite mineral is form ed depends on 
the physical environm ent and on the activities o f  dissolved species such as H^. alkali- and 
alkaline earth cations, or H4S i0 4  (Hay, 1981). C hem ical reactions that form  zeolites can 
be caused by any num ber o f  processes, such as, hydrotherm al alterations, burial 
m etam orphism , reactions o f  glass and water in a saturated system, and leaching and 
deposition in an unsaturated system  (Hoover, 1968). The species o f zeolite that 
crystallizes will depend on the tem perature, pressure, and activities o f  various ions and on 
the activity o f the pore w ater (Hay, 1981).
According to H oover ( 1968), zeolites found at the NTS formed from  a volcanic 
m aterial in an unsaturated environm ent in which vitric rocks were altered by leaching and 
deposition. Zeolites form ed ju s t above perm eability barriers where the cation content o f 
the groundw ater and the saturation o f  vitric rocks w ere high enough to produce zeolites. 
The perm eability barriers identified that could have caused zeolitization included 
im perm eable welded tuffs, lava flow s. Paleozoic clastic rocks, clay m inerals formed by 
the leaching o f vitric rocks ju s t above permeable Paleozoic carbonate rocks, and 
zeolitized rocks form ed by groundw ater reactions ju s t above one o f the previously 
m entioned perm eability barriers (Hoover, 1968). M oncure et al. (1981), however, 
proposed an alternative m echanism  for zeolite diagenisis at the NTS. They stated that 
zeolites below Pahute M esa at the NTS are a result o f  three factors: changing pore-w ater 
chem istry in an essentially closed  hydrologie system , disequilibrium  or k inetic 
precipitation o f  m etastable phases, and a higher therm al gradient (M oncure et al., 1981).
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O ccurrence at the N evada Test Site
Regardless of the particular m echanism  for zeolite diagenisis at the NTS and 
surrounding areas, zeolitized rocks occur as outcrops, which cover an area of several 
thousand square miles. Zeolitized rocks also underlie m ost o f  the volcanic formations 
and alluvial basins in the area, from a few hundred to more than 6000 ft in thickness 
(H oover, 1968). The zeolitized tuff found at Rainier Mesa, how ever, was deposited as 
volcanic ash consisting predom inantly o f pum ice and glass shards, that was later 
m assively altered, as discussed previously, to the zeolite m inerals clinoptilolite, 
m ordenite, and analcime (Thordarson, 1965). The zeolitized tu ff at Rainier M esa also 
contains m inor amounts o f clay, with som e silica and hem atite as cem enting agents. 
N on-zeolitic constituents, w hich generally am ount to 5 to 30 percent o f the zeolitized 
tuff, are sm all crystals o f quartz, feldspar, biotite, and dense lithic fragments. These 
unaltered constituents are nearly im perm eable to water, and are surrounded by a slightly 
perm eable zeolitic matrix (Thordarson, 1965).
The zeolitized tu ff used in the batch equilibrium  sorption experiments for this 
study was obtained from the Tunnel Beds, w hich are inform al local units, of the Indian 
Trial Form ation o f Tertiary age. It was hoped that the partitioning parameters calculated 
using the zeolitized tuff from  Rainier M esa m ight be applied to  other zeolitized rocks at 
the NTS, if it could be proven that the clinoptilolite present in the altered vitric tuffs is, 
m ainly, responsible for the fractional uptake o f the ions o f interest, and if the other 
zeolitized rocks also contain a significant percentage of the zeolite mineral clinoptilolite.
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CHAPTER 3 
M ATERIALS & M ETHODS
Adsorbent Characterization
A detailed physiochem ical characterization o f the zeolitized tuff from Rainier 
M esa and the clinoptilolite from Jordan Valley. Oregon w as necessary in order to draw 
logical conclusions about the possible impacts of sorption on the m ovem ent and 
distribution o f Pb(II), Sr(EO, Cr0 4 " . and Se0 3 ~‘ contam inants in the subsurface 
environm ent at the NTS. This physiochem ical characterization included a particle size 
analysis after grinding, an investigation into the zeolitized tu f f s  m orphology by scanning 
electron microscopy (SEM ), an analysis o f the zeolitized tu f f s  mineralogy by X-ray 
diffraction (XRD), a m ajor and trace elem ent analysis by X -ray fluorescence (XRF), an 
estim ation of surface area and pore volume, an analysis o f  porosity and density, and a 
determ ination of the cation-exchange capacity. As pointed ou t earlier, the zeolitized tuff 
and clinoptilolite adsorbents selected for this research were chosen because o f the intense 
interest by environm ental scientists and engineers in zeolite minerals as potential natural 
barriers to the spread o f  aqueous contam inants in the subsurface environm ent, and 
because the zeolitized tuff controls the recharge rate o f groundw ater to the underlying and 
m ore permeable Paleozoic aquifers at the NTS.
18
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Particle Size D istribution
A particle size distribution is the percentage by mass, num ber, or surface area o f 
particles in a range o f  specific sizes. The particle size distribution is im portant because it 
is well known that fine particles are more “reactive” , through their h igher surface areas 
and adsorption capacities, than coarse particles (Percival and Lindsay, 1997). For 
sorption studies, it is desirable that all adsorbents have sim ilar particle sizes after 
grinding. G rinding o f the field sam ples was accomplished using a  Brinkm ann ZM  1000 
centrifugal grinder with a 0.25 m m  stainless steel sieve and a six-tooth  rotor. 
M icrom eritics Inc., a  material analysis laboratory, determ ined the particle size 
distribution o f the ground adsorbents by x-ray scattering and sedim entation analysis in a 
60% glycerin, 0.3%  Daxad23 solution using a M icrom eritics SediG raph 5100. Particle 
size distributions for both adsorbents were calculated in terms o f particle mass, number, 
and surface area. The particle size distributions for the ground zeolitized  tu ff from 
Rainier M esa w ill be discussed first, followed by a discussion o f  the particle size 
distributions for the ground clinoptilolite from Jordan Valley, Oregon.
Table 1 sum m arizes the results o f the particle size analyses that were carried out 
on both adsorbents. The table reveals that the ground zeolitized tu ff had a median mass 
diam eter o f 11.84 pm  with a modal m ass diameter o f 16.87 pm . T he m edian o f a 
frequency distribution is the value that divides the distribution into tw o equal areas, and 
the mode o f the distribution is the value that occurs most frequently (Stockham , 1979). 
The table also reveals that the ground zeolitized tuff had a median num ber diam eter of 
0.53 pm  with a  modal number d iam eter o f  0.38 pm . Lastly, inspection o f the table 
reveals that the ground zeolitized tu ff had a median surface area d iam eter o f  1.22  pm  with
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Table 1. Particle size distributions for zeolitized tuff and clinoptilolite.
Particle Size D istribution Zeolitized T uff C linoptilo lite
M ass
M edian D istribution 11.84 pm 12.34 pm
M odal D istribution 16.87 pm 22 .2 1  pm
N um ber
M edian D istribution 0.53 pm 0.39 pm
M odal D istribution 0.38 pm 0.33 pm
Surface Area
M edian D istribution 1.22 pm 0.98 pm
M odal D istribution 0.55 pm 0.45 pm
a modal surface area diam eter o f 0.55 pm. These particle size diam eters are consistent 
w ith the expected particle size distribution for particles that were ground and passed 
through a 0.25 mm stainless steel sieve. Figure 2 illustrates the mass fraction (percent of 
total mass) versus particle size diam eter for both adsorbents. M ost fine-particle systems 
have particle size distributions that obey the log-normal distribution function. 
Consequently, when particle size is plotted as a function o f the num ber o f  tim es each size 
occurs, a skewed particle size distribution is obtained (Stockham , 1979). Inspection of 
the figure clearly show s that for the ground zeolitized tuff, the equivalent spherical 
diam eters do, in general, follow  a log-normal distribution. In addition, there appears to 
be relatively little skew  w ith the median value occurring at approxim ately 10 pm .
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Figure 2. M ass population (%) vs. particle size diam eter for the ground zeolitized  tuff 
and clinoptilolite.
Table 1 also shows the particle size distributions for the ground clinoptilolite.
The ground clinoptilolite had a median mass diam eter of 12.34 |im  with a m odal mass 
diam eter of 22.21 pim. In addition, the ground clinoptilolite had a median num ber 
diam eter of 0.39 p.m with a modal number diam eter o f 0.33 |im . The surface area 
distribution was the last particle size distribution calculated, and an inspection o f  the table 
reveals that the ground clinoptilolite had a median surface area diam eter o f  0.98 |im  with 
a modal surface area diam eter was 0.45 ptm. Inspection o f Figure 2 also show s that the 
mass fraction o f the ground clinoptilolite follows a log-normal distribution around the 
median diam eter that occurs at approxim ately 10 p.m. In addition, the particles size 
distributions for the ground clinoptilolite are also consistent with the expected particle
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size distribution for particles that were ground and passed through a 0.25 mm stainless 
steel sieve.
In conclusion, the particle size distributions for both adsorbents agree extrem ely 
well with each other, which is to be expected because both adsorbents were ground using 
the same equipm ent and settings to achieve particle sizes o f less than 250 |im . Overall, 
these particle size diam eters indicate that there would be little, if any, variation in the 
magnitude o f the “reactivity” o f  these particles based on size. These particle size 
distributions, however, also have a significant physical meaning. For instance, the 
distributions revealed that the mass o f the ground samples is distributed am ong the larger 
sized particles, and that the surface area and number o f the ground sam ples is d istributed 
am ong the sm aller sized particles. These particle size diameters are expected and in no 
way surprising because it is well known that larger sized particles weigh more than 
sm aller sized particles, and that surface area increases with decreasing particle size. 
Particle M orphology
The morphology o f the zeolitized tuff was also investigated using SEM. Scanning 
electron micrographs o f the zeolitized tuff from Rainier M esa were obtained with a JE O L  
JSM -840A  SEM / EDX spectrom eter at 950- and 1700-fold m agnifications (Figures 3 
and 4). Scanning electron m icrographs o f  the clinoptilolite were not obtained since those 
sam ples were assum ed to be relatively pure. SEM is one o f the most universal and useful 
techniques available for the study o f the physical characteristics o f solid surfaces because 
o f its ease o f use, im aging resolutions down to a few tens o f angstrom s, and its great 
depth of field (Hochella, 1990). A com plete explanation o f the SEM  technique is beyond 
the scope o f this thesis, how ever, com prehensive reviews on SEM  and related techniques
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23
Figure 3. Photom icrograph o f the zeolitized tuff at a 950-fold m agnification.
Figure 4. Photom icrograph o f  the zeolitized tuff at a 1700-fold m agnification.
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can be found in books by G oldstein et al. (1981), and Newbury et al. (1985).
Zeolite m inerals form ed in sedim entary rocks are extremely photogenic, and the 
characteristic m orphology o f several m em bers o f the zeolite group may com m only be 
used for identification (M umpton and O rm sby, 1976). For exam ple, the zeolite m ineral 
clinoptilolite can occur as laths and plates, many o f  w hich display the characteristic 
tabular m orphology typical o f basalt-vug heulandite (M ing and M um pton. 1989). These 
laths o f clinoptilo lite are com m only 1 to 3 |im  in thickness and 5 to 20 pm  in length. 
C linoptilolite also occurs, however, in alm ost anhedral masses with only rare crystal faces 
or edges. Even though euhedral grains are relatively easy to identify by their d istinctive 
m orphological features, much o f  the m aterial in a zeolitized tuff, even one relatively rich 
in a single zeolite (i.e., >90% ), can com m only occur as formless m asses that lack any 
characteristic m orphology (M ing and M um pton, 1989). Reliable identification o f  zeolite 
m inerals in rocks o r soils, therefore, relies on SEM  used in close conjunction w ith XRD 
(M ing and M um pton, 1989).
Inspection o f the zeolitized tuff m icrograph in Figure 3 reveals one o f  the 
textbook situations described by M ing and M um pton (1989). M ost o f the particles at the 
950-fold m agnification in this micrograph are present in the form o f anhedral m asses with 
few, if any, well defined crystal faces. The anhedral masses in the m icrographs, however, 
were identified as the zeolite mineral clinoptilolite by XRD (see next section). In 
addition to the anhedral masses of clinoptilolite that were clearly seen in both 
m icrographs, there appears to be another m ineral phase present in the form  o f  short, 
narrow fibers. The zeolite mordenite com m only coexists with clinoptilolite in the form 
of fine fibers (about 0.1 pm  in diam eter and 5 to 25 pm  in length) spanning gaps and
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crevices between clinoptilolite crystals (M ing and M umpton, 1989). M ordenite can also 
occur as intertw ined nests of fibers and as thin laths and needles about 0.5 to 1.5 pm  in 
diam eter and about 10 to 30 pm  in length. Inspection o f the zeolitized tu ff m icrographs 
in Figure 3 and Figure 4 clearly reveal that in addition to the dom inant anhedral masses of 
clinoptilolite, m ordenite also appears to be present in limited quantities in the field 
samples from the NTS in the form o f fine fibers spanning the gaps and crevices between 
the clinoptilolite crystals. In addition to the two zeolite mineral phases present in the 
micrographs, a  third mineral phase is present, with com paratively larger grains at both 
m agnifications. These angular particles are probably either a dense lithic fragm ent or 
some type o f accessory silicate mineral phase present in the volcanic tuff, possibly a 
feldspar or quartz phase.
Adsorbent M ineralogy
The m ineralogy o f the zeolitized tuff and clinoptilolite was determ ined by XRD 
using Cu Kai radiation (1=1.5405 Â) to identify the specific m inerals w ithin each 
adsorbent, and to com plem ent the SEM  m orphological investigation. X RD  analysis is the 
best means o f identifying individual m em bers o f the zeolite group because zeolite 
minerals for the m ost part yield characteristic XRD lines that allow  for easy distinction 
am ong the several members o f the group, and between zeolites and other com m on 
constituents o f rock and soil systems (M ing and M umpton, 1989). The X RD  spectrum 
for the zeolitized tu ff from Rainier M esa is shown in Figure 5. The X RD  spectrum  for 
the clinoptilolite will not be shown because it revealed that the clinoptilolite was pure and 
free o f im purities.
It can be seen in the figure that the zeolitized tuff contains a num ber o f well
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Figure 5. X-ray diffraction spectrum o f the zeolitized tuff.
crystallized minerals. This can be concluded because o f the intensity o f  the peaks, and 
because there is a relatively low background signal. Inspection o f the figure also reveals 
that the zeolitized tuff spectrum  contains a  num ber of peaks that correspond to the zeolite 
mineral clinoptilolite. These peaks are labeled at the top o f the figure w ith a  C. The 
spectrum  also reveals that at a 2 -theta value o f approxim ately 28° there are tw o peaks that 
do not correspond to the zeolite clinoptilolite. These two peaks were identified as 
belonging to the feldspar group of alum inosilicate minerals. These peaks m ost likely 
correspond to the rich alkali-feldspar sanidine. In addition to the clinoptilo lite  and 
feldspar, the zeolitized tuff spectrum also contains peaks corresponding to quartz that are 
labeled at the top o f  the figure with a Q. The presence of these other tw o m inerals in the 
zeolitized tuff is consistent with other studies. For example, Thordarson (1965) stated
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that the zeo litized  tu ff from Rainier M esa contained  from 5-30%  nonzeolitic constituents 
that included sm all crystals o f quartz, feldspar, biotite, and dense lithic fragments.
M aior and T race Elem ent Analyses
T he m ajor and trace elem ent com positions o f both adsorbents were also 
determ ined using XRF. The analysis o f geologic m aterials by X R F provides data on the 
m ajor ox ide percentages o f the whole rock sam ple, as well as on the trace elem ent 
concentrations. The X RF data in Table 2 and Table 3 were collected at the University o f 
Nevada, Las V egas, using a Rigaku 3030 X -ray Spectrom eter. This spectrom eter uses a 
Rh target w ith  a side window X-ray tube. C alibration o f the spectrom eter was based on 
the international rock standards from the U nited States Geologic Survey. Samples o f 
both adsorbents were processed into fused glass disks for analysis by heating 1.7 g o f the 
sample, 8.5 g lithium  tetraborate (Li2B4 0 ?), and 0.27 g am m onium  nitrate (NH4N O 3) to 
1100 degrees in a  m uffle furnace for 30 m inutes in gold-platinum  alloy crucibles and 
pouring the resulting melt into heated A u-Pt m olds. All samples and reagents were 
weighed to  0 .0005 g, and were stored in desiccators prior to analysis.
As show n in Table 2, both adsorbents have rem arkably s im ilar oxide percentages 
for each m ajor elem ent. It is interesting to note, however, that on a w hole sam ple basis 
the clinoptilo lite  has an only 3% greater AI2O 3 concentration than the zeolitized tuff, but 
on a relative scale the clinoptilolite has approxim ately  15% more AI2O 3 com pared to the 
zeolitized tuff. A greater AI2O 3 com position suggests that the clinoptilolite has a greater 
degree o f substitu tion  o f Al^ "^  for Si'^ '^  w ithin the fram ework structure o f  the zeolite 
com pared to  the zeolitized tuff, assum ing that the AI2O 3 concentration o f  the zeolitized 
tuff is related  to the presence o f a single zeolite . A greater substitution o f  Al^^ for Si^^
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Table 2. M ajor elem ent analyses for the zeolitized tu ff and clinoptilolite.
W eight % Zeolitized Tuff C linoptilolite
SiO: 73.7 71.5
AI2O3 13.8 16.3
Ti0 2 0.190 0.294
Fe203(T) 1.69 2.16
CaO 1.44 1.24
K2O 5.43 5.05
MnO 0.079 0.009
P2O5 0.005 0.061
N a2 0 3.44 4.21
MgO 0.364 0.263
Table 3. Trace elem ent analyses for the zeolitized tu ff and clinoptilolite.
Trace Elem ent Zeolitized Tuff 
(ppm)
Clinoptilolite
(ppm )
Rb 176.1 174.5
Sr 188.7 2 1 1 .8
Y 28.17 100.1
Zr 213.0 373.0
Nb 29.32 44.41
Cr 124.3 33.97
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w ithin the framework structure o f the clinoptilolite would cause the clinoptilolite to have 
a h igher C EC than the zeolitized tuff, because the cation-exchange capacity of a zeolite is 
prim arily  a  function o f the degree of substitution o f Al^^ for Si"*"^  in its framework 
tetrahedra (M ing and M um pton. 1989). A nother explanation, how ever, for the greater 
AI1O 3 concentration o f the clinoptilolite is that the zeolitized tuff is not com positionally 
100% pure clinoptilolite. Com positional differences could show up because the 
zeolitized tu ff is a com bination o f different m inerals, and XRF exam ines the whole rock 
sam ple.
Inspection o f the data  in Table 3 reveals that the adsorbents have dissim ilar trace 
elem ent analyses except for the trace elem ent Rb. It is interesting to note from the trace 
elem ent analyses, though, that both adsorbents have fairly high concentrations o f Sr. In 
addition, the zeolitized tu ff has approxim ately 124 ppm Cr, and the clinoptilolite has 
approxim ately 34 ppm Cr. Trace element analyses for Pb and Se w ere not obtained.
T hese trace element data are interesting because they show that both adsorbents have 
m inor am ounts o f two o f the elements o f interest to this study.
Surface Area and Pore Size Distribution
The sample characterization of both adsorbents also included an estim ation o f the 
total surface area and pore size distribution as determ ined by nitrogen adsorption at 77.4 
K and the BET model (B runauer et al., 1938). The specific surface area o f a material is 
the am ount o f reactive surface area available for adsorbing solutes per unit weight o f the 
m aterial. The surface area o f  a material is im portant to be aware o f  because it enables 
norm alization o f solute adsorption data to surface area, and is required for applying 
electrical double layer m odels (Davis and K ent, 1990). In addition, it allows for an
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estim ation o f  the quantity o f  surface functional groups per unit mass o f  solids, if the 
group density  per unit area is already known. M icrom eritics measured the specific 
surface area and  pore size distribution o f both adsorbents with an ASAP 2405. This data 
was essential because it allow ed for the solid concentration of the adsorbents to be 
norm alized w ith respect to the surface area o f the adsorbents. Norm alizations o f this type 
allowed for com parisons of the sorption behavior o f the ions as a function o f  the 
adsorbent type to be made. Accurate surface area estim ates for these types of 
com parisons are essential because the number o f available binding sites for the ions o f  
interest are directly  proportional to the overall surface area of the adsorbent.
D ue to the importance o f  surface area, additional estimates o f the surface area o f  
the zeolitized tu ff were obtained in order to verify the results from M icrom eritics. T hese 
additional surface area estim ates included a second estim ate o f the surface area o f  the 
ground zeo litized  tuff, as well as estim ates o f the surface area o f the zeolitized tuff 
adsorbent at different particle sizes. Each of these separate analyses was obtained at the 
University o f  N evada, Las Vegas with a M icrom eritics Gemini 2370 surface area 
analyzer. T he BET-surface area estim ates for both adsorbents, and the surface area 
estim ates for the verification sam ples were obtained from the slope o f the linearized B ET 
function, and the adsorption branches o f the nitrogen isotherms were used for both 
adsorbents.
The results o f the surface area and pore size distributions determ ined by 
M icrom eritics are shown in Table 4. As can be seen from the table, the clinoptilo lite has 
a surface area  o f  36.03 m"/g. This surface area is roughly three times greater than the 
12.27 m “/g surface area of the zeolitized tuff. T hese surface area estim ates allow for the
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Table 4. Surface area and pore size m easurem ents for the zeolitized tuff and
clinoptilolite.
Zeolitized Tuff Clinoptilolite
B ET-Surface A rea 12.27 m-/g 36.03 m"/g
BJH A dsorption Average Pore D iam eter (4V/A) 193.0 Â 178.43 Â
BJH D esorption Average Pore D iam eter (4V/A) 254.83 Â 207.04 Â
Average Pore D iam eter (4V/A) 238.06 Â 212.18 A
norm alization o f  the solid concentration of both adsorbents. For exam ple, the 
clinoptilolite w ould need roughly 1/3 the solid concentration of the zeo litized  tuff to have 
roughly the sam e overall surface area. Figure 6  and Figure 7 illustrate the adsorption and 
desorption branches o f the nitrogen isotherms for the zeolitized tuff and clinoptilolite 
adsorbents, respectively. Based on the overall shapes o f  the figures, the nitrogen 
isotherm s can  be classified using the Intem ational Union of Pure and A pplied 
C hem istry’s (lU PAC) naming schem e as Type IV nitrogen isotherms w ith type H3 
hysteresis loops (Gregg and Sing, 1982). A Type IV nitrogen adsorption isotherm is 
often found w ith inorganic oxide xerogels and o ther porous solids that contain well- 
defined m esopores, and type H3 hysteresis loops are generally given by aggregates of 
platy particles o f  solids containing slit-shaped m esopores, which possess an assortm ent o f  
interconnected pores of different size and shape (G regg and Sing, 1982). A mesopore is a 
type o f pore w ith a diameter (w idth) o f 20 to 500 Â. M esoporous m aterials exhibit 
enhanced adsorption above relative pressures o f about 0 .4  because o f capillary 
condensation o f  liquid Nt in the mesopores (D avis and Kent, 1990). T hese types o f
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nitrogen adsorption isotherm s indicate adsorbents w ith m onolayer and m ultilayer 
adsorption.
Table 4  also shows the average pore diameters (4V /A ) calculated from  the 
adsorption and desorption branches o f both adsorbents using the Barrett, Joyner, and 
H alenda (BJH) m ethod (Barrett et al.. 1951), and the average pore diameter (4V /A ) 
calculated from the B ET model. These pore size diam eters were also obtained from the 
nitrogen isotherms and  the assumption that the pores w ere cylindrical. Using this 
assum ption, the average pore size diameters from either branch o f the nitrogen isotherm  
can be calculated utilizing the Kelvin equation and the m ethod described by BJH. The 
average pore diam eter, however, is calculated by d ividing the total volume adsorbed by 
the specific surface area determined by the BET m odel and by multiplying by four. It can 
be seen from the table that the zeolitized tuff has an average pore diameter from  the 
adsorption branch o f  the nitrogen isotherm equal to 193.0 Â, and an average pore 
diam eter from the desorption branch o f the nitrogen isotherm  equal to 254.83 Â. Pore 
size determ inations are equally valid com putationally using  either branch of the nitrogen 
isotherm, however, discrepancies between the two are often seen when the pore system  of 
the adsorbent form s a network, which is often the case w ith mesoporous solids (Gregg 
and Sing, 1982). The overall average pore diam eter (4V /A ), however, is equal to 238.06 
Â. The clinoptilolite has an average pore diam eter o f 178.43 Â from the adsorption 
branch of the nitrogen isotherm, and an average pore d iam eter o f 207.04 Â from  the 
desorption branch o f  the nitrogen isotherm. The overall average pore diam eter (4V/A) of 
the clinoptilolite, how ever, is equal to 212.18 A .  In conclusion, it can be seen from the 
table that the zeolitized tu ff has a somewhat larger average pore diameter than the
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clinoptilolite. The differential pore volume distributions of the zeolitized  tuff and 
clinoptilolite as a function o f  mean pore radius are shown in Figure 8 and Figure 9. 
respectively. From the figures, it can be seen that the distributions obtained from the tw o 
branches are som ewhat s im ilar for both adsorbents. The peaks in the desorption branches 
o f  both distributions below  50 Â are likely to be artifacts of the n itrogen tensile strength 
effects (Gregg and Sing, 1982).
As stated previously, additional surface area m easurem ents o f  the ground 
zeolitized tuff were conducted to verify the results from Microm.eritics, and to investigate 
the relationship between surface area o f the zeolitized tuff and particle size. By doing 
this, a  determ ination can be made whether the overall surface area o f the zeolitized tu ff is 
controlled  by the internal fram ework structure o f the zeolite m inerals contained in the 
zeolitized tuff. In order to do this, samples o f  the original zeolitized tu ff were ground 
using a m ortar and pestle w ith every precaution taken to prevent contam ination o f the 
zeolitized tuff. The ground adsorbent was then passed through several sieves and divided 
into 4  different size fractions. The different particle size fractions analyzed included 
fractions with particles greater than 500 |im , particles between 500 |im  and 250 pm , 
particles between 250 pm  and 125 pm. and particles sm aller than 125 pm . These surface 
area m easurem ents were conducted in order to investigate the relationship  between 
particle size and the total surface area. For exam ple, if the overall surface area o f the 
zeolitized tu ff is not dependent on the particle size, which is a d istinct possibility with 
zeolites because m ost o f the surface area o f zeolites is due to the internal framework 
structure o f the mineral, then these sorption experim ents would be m ore widely 
applicable to the subsurface environm ent, and not ju s t to the sam e m aterial that had been
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crushed  to less than 2 0  |im .
Table 5 reveals the results o f the surface area estim ates as a function o f  the 
particle size, as well as the verification o f the surface area o f the ground zeolitized  tuff.
A s can be seen from  the table, the second estim ate o f  the surface area o f the zeolitized 
tu ff  com pares well to the original estimate o f the surface area. The original estim ate of 
the surface area o f  the zeolitized tuff was 12.27 m '/g , and the duplicate surface area 
estim ate returned a  surface area of 13.63 m '/g . These surface area estim ates are in good 
agreem ent and clearly show that the zeolitized tuff has a surface area that is 
approxim ately 1/3 the surface area of the clinoptilolite.
In addition, the table clearly shows that there is not a large variation in the surface 
area  o f  the zeolitized tuff as a function of the particle size. Although, it can be seen from 
the table that the largest particle size does result in the smallest surface area, as expected. 
A dditionally, it can be seen from the table that as the overall particle size o f  the adsorbent
T able 5. Specific surface area of the zeolitized tu ff as a function o f particle size.
Size Fraction Surface A rea
O riginal Ground Sam ple 13.63 m '/g
Sam ples > 500 |im 10.85 m -/g
Sam ples between 500 and 250 pm 12.12  m -/g
Sam ples between 250 and 125 pm 13.40 m '/g
Sam ples < 125 pm 14.05 m '/g
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decreases, the specific surface area increases slightly. The sm all variations in the specific 
surface area as a function o f  the particle size can most likely be attributed to the non- 
zeolitic mineral phases contained w ithin the zeolitized tuff. T he overall surface area o f 
the ground zeolitized tuff w ould increase as the particle size o f  these types o f m inerals 
decreases. The small change in the overall surface area as a function o f particle size, 
however, suggests that the internal fram ew ork structure o f the clinoptilolite contained 
within the zeolitized tuff is, in fact, responsible for most o f the surface area o f the 
zeolitized tuff, and that the surface area is apparently accessible to nitrogen, and 
potentially the ions o f interest. For exam ple, the framework structure o f clinoptilolite is 
com posed o f  3-dim ensional channels with the smallest channel m easuring 4.0 x 5.5 A 
(M ing and M umpton, 1989). This channel size is large enough to perm it the m ovem ent 
o f N t (g) to any of the available surface area contained in the fram ew ork cavities because 
the radius o f Nz (g) is 2.27 Â. These surface area estimates are im portant because they 
tend to support the assertion that the partitioning coefficients calculated from the batch 
equilibrium  sorption experim ents w ith the ground zeolitized tu ff  would be, in fact, 
relevant for the natural adsorbent located in the field.
Porosity and Densitv
The sample characterization also included a determ ination o f the porosity and 
density o f  both adsorbents. M icrom eritics determ ined the porosity o f both adsorbents 
using an AccuPyc 1330 m ercury porosim eter. As can be seen from  Table 6 , the porosity 
o f the zeolitized tuff is approxim ately 2 0 %, while the porosity o f  the pure clinoptilolite is 
approxim ately 16.8%. This calculated porosity of the zeolitized tuff compares well with 
previously reported results. For exam ple, according to Thordarson (1965), the zeolitized
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Table 6 . Density and  porosity m easurem ents for the zeolitized tu ff  and clinoptilolite.
Zeolitized Tuff C linoptilo lite
Porosity 2 0 . 12% 16.80%
A verage Density 2.32 g/cm^ 2 .2 2  g /cm '
Bulk Density 0.77 g/cm^ 0 .6 8  g/cm^
tuff found at Rainier M esa has an average interstitial porosity o f 25% .
M icrom eritics also calculated the density o f both adsorbents using the AccuPyc 
1330 mercury porosim eter. As can again be seen in Table 6 , the densities o f  both 
adsorbents are alm ost identical with the zeolitized tuff having an average density o f 2.32 
g /c m \ and the clinoptilolite having an average density o f 2.22 g/cm^. These average 
densities com pare well with each other, and agree well with a tex tbook reported value for 
pure clinoptilolite that varies between 2.1 to 2.29 g /c m \ The higher density  o f the 
zeolitized tuff can likely be attributed to the presence o f quartz and alkali feldspars 
contained in the altered vitric tuff that have densities o f 2.65 g/cm^ and  2.54 to 2.62 
g/cm^, respectively. In addition to the average density, the bulk densities o f both 
adsorbents also com pare well. The zeolitized tuff had a bulk density  o f  0.77 g /c m \ and 
the clinoptilolite had a  bulk density o f  0 .6 8  g /c m \
Cation-Exchange C apacity
Cation-exchange capacity is a  m easure o f the quantity o f readily  exchangeable 
cations in an adsorbent, and it is usually expressed in m illiequivalents per kg o f  soil 
(meq/kg). The cation-exchange capacity o f each adsorbent was determ ined  at the
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University o f N evada, Las Vegas using the m ethod developed by B usenberg and 
C lem ency ( 1973). In general, this procedure consists o f the saturation o f  the cation- 
exchange sites o f  an adsorbent with am m onium  ions. The m ethod then utilizes an 
am m onia electrode to determ ine the am ount o f  am m onia released by treatm ent o f  the 
am m onium  saturated adsorbent by a strong base. A ssum ing that all o f  the cation- 
exchange sites w ere indeed saturated with am m onium  ions, the addition o f  a strong base 
will release am m onia and be detectable by the am m onia electrode due to the following 
reaction:
NH4  ^+ OH N H 3 + H ;0 
This m ethod o f determ ining the cation-exchange capacity o f an adsorbent has the 
advantage o f sim plicity, speed, and accuracy. In addition, this m ethod has the ability to 
utilize small sam ple sizes (50 mg), and it is relatively free from  interferences (Busenberg 
and Clem ency, 1973).
The cation-exchange capacity m easurem ents for each adsorbent w ere perform ed 
in duplicate, and the final value obtained was the average o f the two individual 
experim ents. The cation-exchange capacity o f the zeolitized tu ff from  R ainier M esa was 
1,430 meq/kg, and the cation-exchange capacity o f  the clinoptilolite was 2,100 meq/kg.
As can be seen from  these results, the cation-exchange capacity o f the clinoptilo lite  is 
alm ost 1.5 times as large as the cation-exchange capacity o f the zeolitized tuff. This 
higher cation-exchange capacity indicates that the clinoptilolite would have a much 
greater capacity to bind cations than the zeolitized tuff. The large cation-exchange 
capacity o f the clinoptilo lite  can be attributed to the substitution o f Al^"  ^ for Si"^ within 
the fram ework structure o f the clinoptilolite that was verified with the X R F  studies in this
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chapter. This substitution o f Al^"  ^fo r Si’** gives rise to a higher negative charge that is 
countered by the presence o f fram ew ork cations. The low er cation-exchange capacity of 
the zeolitized tuff could be attributed to the fact that it is not a pure zeolite. For exam ple, 
if the zeolitized tu ff is com posed o f  50% clinoptilolite and 50% accessory m inerals, then 
one could assume that the cation-exchange capacity o f the zeolitized tu ff w ould be 
approxim ately half as large as that o f the pure clinoptilolite. The exact proportion o f 
zeolites to other mineral phases present in the zeolitized tuff, however, cannot be easily 
determined.
Based on the cation-exchange capacity m easurem ents for each adsorbent, 
calculations were made to determ ine the m olar am ount o f divalent metal cations that 
could be theoretically exchanged w ith the cations that are contained w ithin the fram ework 
structure o f either adsorbent. Calculations were perform ed at solid concentrations o f 1.0. 
2.5. 3.0. and 20 g/L because the experim ental work with the cations was perform ed at 
these solid adsorbent concentrations. Inspection o f the data in Table 7 reveals that both 
adsorbents have the capacity to readily accept divalent metal cation concentrations up to 
l.Ox 10“* M even at a relatively low solid adsorbent concentration o f 2.5 g/L. It should be 
noted that a 1.0x10“* M metal cation concentration was the highest concentration used 
during the batch equilibrium  sorption experim ents. The data in the table reveal, however, 
that even at this highest metal cation concentration, the entire m olar concentration could 
be theoretically exchanged for the cations contained w ithin the fram ew ork structure o f 
either adsorbent at solid concentrations of 2.5, 3.0, and 20.0 g/L. These calculations do 
not take into account, however, the concentration o f any background electrolyte which 
would also supply cations that could  ju s t as easily exchange with the cations o f either
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Table 7. Calculated exchange capacity of the zeolitized tu ff and clinoptilolite for divalent
cations.
A dsorbent Concentration Zeolitized Tuff C linoptilolite
1.0 g/L 7.15x10"* M 1.05x10-3 ^
2.5 g/L 1.79x10'^ M 2.63x10-3 ^
3.0 g/L 2.15x10-3 M 3.15x10-3 M
20 g/L 1.43x 10‘3 m 2.10x10-3 M
adsorbent. In such a scenario, there would be a com petition betw een all o f  the aqueous 
cations for the available cation-exchange sites located w ithin the fram ew ork structure of 
either adsorbent.
Methods
Batch Equilibrium  Sorption Experiments
For all experim ents in this study, reagent-grade chem icals w ere used, as received 
without further purification or modification. High purity w ater for all experim ents was 
provided by a N anopure w ater purification system, which produced w ater with at least 
18.1 M Q -cm  of resistivity.
The batch equilibrium  sorption experim ents were conducted in individual 
polypropylene test tubes by m ixing weighed quantities o f the crushed zeolitized tu ff or 
clinoptilolite with varying am ounts o f NaNOs to adjust the total ionic strength, H N O 3 and 
NaOH to adjust the pH, and either Pb(N0 3 )2 , SriN O s):, K 2C 1O 4, o r N a2Se0 3  to vary the 
total ion concentration. The batch equilibrium  sorption experim ents com paring the
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sorption behavior o f  the cations as a  function o f  adsorbent type were conducted with 3.0 
g/L zeolitized tu ff and  1.0 g/L clinoptilo lite  to normalize the experim ents w ith respect to 
the overall surface area o f the adsorbents. The batch equilibrium  sorption experim ents 
com paring the sorption behavior o f  the anions, however, were perform ed with 100 g/L 
zeolitized tu ff and 33 g/L clinoptilolite.
The sam ples were then equilibrated  in the test tubes by an end-over-end rotation at 
8 rpm at room  tem perature for approxim ately  24 hours. A fter equilibration, the final pH 
o f the suspension w as m easured using an O rion model 720 pH m eter w ith an O rion Ross 
glass com bination electrode. The pH  m eter was calibrated daily using pH  4.0. 7.0. and
10.0 buffers. The equilibrated sam ples were then centrifuged at 9000 rpm  for 
approxim ately 30 m inutes with a M arathon 21 K/R refrigerated centrifuge to achieve 
solid-solution separation. A fter centrifugation, a 2 m L aliquot was rem oved from the 
supernatant and acidified with concentrated nitric acid (HNO3) before analysis.
Ion concentrations of the aliquots w ere measured with a Perkin-E lm er 4110 ZL 
Atom ic A bsorption Spectrom eter equipped  with a graphite furnace and Zeem an 
background correction. The relative fractional uptake o f the ions o f interest was 
determ ined by com paring the ion concentrations in the supernatant to the concentration o f 
a control sam ple, to w hich no solid  had been added. The fractional uptake for each 
sam ple was calcu lated  as:
— Af
Percent Sorbed = —  -------- x 100 ( 1 )
w here Mo is the total metal concentration added to the sample, and Ms is the 
concentration rem aining in the supernatant.
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Sorption Param eter Estim ation Techniques
O nce the batch equilibrium  sorption experim ents were com pleted, the fractional 
uptake da ta  were used to obtain Freundlich and linear isotherm  param eters. These 
param eters can be used in transport codes to model the m ovem ent o f  these potentially 
hazardous ions in the subsurface environm ent. For example, distribution coefficients 
based on linear isotherms can be used in conjunction with the retardation equation, which 
relates the average velocity o f  a contam inant, Vc, to the average groundw ater velocity,
Vgw:
y
y , = ---------    (2)
u
where
Pb = bulk density of the aquifer material
0 =  porosity o f the aquifer material
Kd = d istribution coefficient for the solute
Predictions concerning the mobility o f contam inants in a groundw ater flow system may 
be made em ploying this equation if the distribution coefficient for the solute and aquifer 
material o f  interest and the other hydrogeological parameters are known.
T he Freundlich isotherm  is the oldest o f the nonlinear sorption isotherms, and it 
has been used widely to describe the sorption o f solutes by soils (Travis and Etnier,
1981). T h is isotherm equation applies very well to solids with heterogeneous surface 
properties and generally for heterogeneous solid surfaces, and it is very convenient for 
plotting equilibrium  sorption data em pirically in a sorbed concentration versus an 
equilibrium  concentration plot (Stum m  and M organ, 1996). A graphical plot o f the
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quantity adsorbed from solution (S) as a  function o f the equilibrium  concentration (C) is 
known as the Freundlich isotherm  equation (Stumm and M organ 1996):
S = K f * { C Ÿ " '  (3)
where
S = quantity o f adsorbate associated with the adsorbent (g/g)
C = total concentration o f adsorbate in solution (g/m^)
Kf = Freundlich constant (g/gj/Cg/m^)'^"
1/n = a measure o f nonlinearity
It should be kept in m ind that when applying the Freundlich isotherm equation the 
flexibility o f the two constants allows for easy curve fitting, but it does not guarantee 
accuracy if the data are extrapolated beyond the experim ental data points (Travis and 
Etnier, 1981). Equilibrium  sorption data will plot on a  straight line in a linear scale if the 
value of 1/n is equal to 1.0. In those situations, the Freundlich isotherm equation reduces 
to the linear isotherm  equation, and the calculated distribution coefficients are 
mathematically valid. If the value o f 1/n in the Freundlich isotherm equation is not equal 
to 1.0 , the sorption data, how ever, can be plotted on a log-log scale, and for many trace 
solutes in contact with geologic m edia the data often plots on a straight line, with the 
resulting equilibrium  sorption data then being described by the equation:
lo g 5  = —* lo g C  + log AT, (4)
n
where
1/n = slope o f the isotherm
log Kf = intercept o f the isotherm  with the y-axis
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The linear isotherm  is the simplest and m ost widely used o f  the equilibrium  
sorption isotherms. Equilibrium  sorption data fitted by the linear isotherm  can be used to 
calculate distribution coefficients of the solute for the solid adsorbent when the 1/n  term  
o f the Freundlich isotherm  equation is equal to 1.0. Using the linear isotherm  equation , it 
is assum ed that the am ount o f  solute sorbed on the solid adsorbent (S). and the 
concentration o f the solute rem aining in solution (C) are related by the linear relationship .
S = K j C  (5)
w here Kj is a measure o f  the retention o f  the solute known as the distribution coefficient. 
This linear isotherm represents the situation w here the affinity o f the sorbent fo r the 
sorbate remains the sam e for all levels o f  C (S tum m  and Morgan. 1996).
In conclusion, partitioning coefficients describing the fractional uptake o f  the ions 
on the zeolitized tuff from  R ainier M esa were calculated utilizing the follow ing m ethods. 
First, equilibrium  data points that describe the total concentration o f adsorbate in solution 
(C) to the quantity o f adsorbate associated with the adsorbent (S) for each ion w ere 
obtained by hand-fitting a  best fit curve to the fractional uptake data for various ion 
concentrations and solid concentrations. N ext, Freundlich isotherms were constructed  at 
specific pH  values and for specific background electrolyte concentrations using the 
equilibrium  data points. This was done in o rder to evaluate the validity o f the linear 
isotherm  under those specific geochemical conditions. Finally, linear isotherm s w ere 
constructed using the equilibrium  data points for those same pH values and specific 
background electrolyte concentrations. This was done even if the experim ental d a ta  was 
best described by the Freundlich isotherm because the linear isotherm  produces the 
param eters required by m odelers to estim ate the transport of these ions in the subsurface
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environm ent. O ne limitation o f  the Freundlich and linear isotherms, how ever, is that they 
do not indicate a m axim um  quantity  o f  adsorption, w hich is clearly not the case when 
dealing w ith the cation-exchange capacity of adsorbents.
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CHAPTER 4
SORPTION OF Pb(H) AND Sr(II) O N  ZEOLITIZED TU FF AND 
CLINOPTILOLITE: EQUILIBRIUM  EXPERIM ENTS. SORPTION  
PARAM ETER ESTIM ATION. AND SPECIATION
It has been documented by previous studies that in natural system s the fractional 
uptake o f cations and anions by oxides and other m inerals in the subsurface environm ent 
can be pH dependent, or influenced by ionic strength effects (Hayes and Leckie. 1987; 
Hayes et al.. 1988). In addition, the total concentration o f the ion o f interest and the total 
solid concentration of the mineral phase in natural aqueous systems determ ine the ratio o f 
sorbate ions to the total num ber o f sorbent sites, thereby affecting the relative fractional 
uptake o f  the ions. Consequently, the geochemical parameters that were included in this 
thesis to help  determine the equilibrium  sorption behavior of the ions for both adsorbents 
were pH. ionic strength, total solid  adsorbent concentration, and total ion concentration.
This chapter contains the results of the batch equilibrium sorption experim ents, 
the sorption param eter estim ations, and the spéciation calculations for the Pb(II) and 
Sr(ID cations. The chapter is divided into three m ajor sections. The first section contains 
the results o f  the batch equilibrium  sorption experim ents performed with the zeolitized 
tuff, the sorp tion  parameter estim ations, and the spéciation calculations for each cation.
47
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The second section o f  this chapter contains the results o f  the batch equilibrium  sorption 
experim ents perform ed with the clinoptilolite, and the final section o f the chapter 
discusses the sorption behavior o f each cation as a function o f  the adsorbent type in order 
to address any sim ilarities and differences in the fractional uptake behavior o f the cations 
by the adsorbents.
Sorption of Pb(II) and Sr(II) on Zeolitized Tuff
Sorption B ehavior o f Pb(ID
Batch equilibrium  sorption experim ents were conducted at background electrolyte 
concentrations o f  0 .01 ,0 .1 , and 1.0 M  NaNO] in order to investigate the sorption 
behavior o f  Pb(II) as a function o f  ionic strength. Sodium  nitrate (NaNOs) was chosen to 
provide the background electrolyte concentration for all o f  the batch equilibrium  sorption 
experim ents because Na* is the highest concentration cation present in the groundw ater at 
the NTS. O verall, the batch equilibrium  sorption experim ents indicate that the fractional 
uptake o f Pb(H) increases as the ionic strength decreases for the two low est background 
electrolyte concentrations investigated (0.1 and 0.01 M NaNOg). This can be observed in 
Figure 10, show ing the fractional uptake o f 1.0x10"* M Pb(II) on 2.5 g/L zeolitized tuff as 
a function o f  ionic strength. The figure also shows that the fractional uptake o f Pb(H) is 
essentially independent o f the pH o f the solution for the tw o lowest background 
electrolyte concentrations (0.1 and 0.01 M NaNO]). It has been docum ented that the 
cation-exchange capacity derived from  isomorphous substitutions within the structures o f 
alum inosilicate m inerals is perm anent charge and independent o f the pH  (Goodman,
1986).
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Figure 10. Sorption o f 1.0x10"* M Pb(II) on 2.5 g/L zeolitized tuff as a function o f ionic
strength.
This pH -independent sorption behavior, therefore, suggests that the Pb(II) cation 
can successfully  com pete with the Na* cation at the low er background electrolyte 
concentrations, and preferentially replace the cations located within the internal cation- 
exchange sites o f the zeolitized tuff. A t these two low er background electrolyte 
concentrations, the fractional uptake o f  Pb(IT) is nearly com plete (>90%) and can be 
attributed to the high cation-exchange capacity o f the zeolitized tuff. For exam ple. Table 
7 show ed that the zeolitized tuff had the ability to readily accept a divalent m etal cation 
concentration up to 1.79xl0'3 M for a solid concentration o f  2.5 g/L. The fractional 
uptake o f  Pb(H) at the lower background electrolyte concentrations increases as the ionic 
strength decreases because there is less com petition w ith the Na* cation for the available
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cation-exchange sites o f  the zeolitized tuff.
It can be seen in Figure 10, how ever, that the fractional uptake of Pb(II) on the 
zeolitized tuff is largely dependent on the pH  o f the solution for the 1.0 M N aN Û 3 
background electro lyte concentration. For exam ple, the figure clearly shows the 
fractional uptake o f Pb(II) increasing from  approxim ately 20%  at a low pH o f 3 to a 
fractional uptake o f essentially  95% at a pH o f approxim ately 8 . This pH -dependent 
sorption behavior m ay suggest that the Pb(U) cation cannot successfully com pete with the 
Na* cation, w hich is 4  orders o f m agnitude greater, for the internal cation-exchange sites 
o f  the zeolitized tu ff at the highest background electrolyte concentration ( 1.0 M N aN 0 3 ). 
As a result o f being excluded  from the internal cation-exchange sites, Pb(II) sorption on 
the zeolitized tu ff  is likely controlled either by sorption on external pH -dependent surface 
sites, or possibly by the formation o f surface polymers or precipitates, which are also 
dependent on the pH o f the solution. For exam ple, the Pb(IT) cation could be binding to 
the zeolitized tu ff  on am photeric surface sites, possibly as an inner-sphere coordination 
com plex on hydrous oxide surfaces.
A ccording to S tum m  and M organ (1996), a cation can associate with a solid 
surface as either an inner-sphere or outer-sphere surface com plex depending on whether a 
chem ical bond betw een the metal and the electron-donating oxygen ions is form ed (as in 
an inner-sphere type solute com plex), or if  a cation of opposite charge approaches the 
surface groups to a critical distance (as in an outer-sphere type solute com plex). 
Unfortunately, it has been pointed out that macroscopic sorption experim ents alone 
cannot be used to distinguish between different types o f sorption com plexes (Sposito, 
1986). A sim ple m ethod o f possibly distinguishing between inner-sphere and outer-
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sphere com plexes, however, is to assess the effect o f ionic strength on the surface 
com plex formation equilibria (S tum m  and Morgan, 1996). Evidently, a strong 
dependence on the fractional uptake o f  solutes as a function o f  ionic strength is typical for 
the form ation of outer-sphere com plexes. The formation o f inner-sphere coordination 
com plexes, however, is not dependent on ionic strength o f the solution because the 
formation o f these type o f bonds occurs through the loss o f w aters o f hydration and  direct, 
short-range bonding o f the com plex to surface oxygens. These types o f short-range 
electrostatic or covalent bonds are extrem ely strong com pared to the long-range 
coulom bic or hydrogen bonds o f outer-sphere complexes. For exam ple, Figure 11 reveals 
that there does not appear to be m uch variation in the fractional uptake of Pb(H) as a
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Figure 11. Sorption o f l.Ox 10'^ M  Pb(II) on 3.0 g/L zeolitized tu ff in 2.0 and 1.0 M 
NaNOj.
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function of the ionic strength at background electrolyte concentrations high enough to 
exclude Pb(II) from the internal cation-exchange sites of the zeolitized tuff (2.0 M  and
1.0 M NaNO;). This suggests that Pb(H) is chem ically binding to the zeolitized tu ff as an 
inner-sphere coordination complex. The pH-dependent sorption behavior o f Pb(II) at the 
highest background electrolyte concentrations, however, could also be caused by the 
form ation o f surface precipitates or polym ers. Unfortunately, there is no way to 
conclusively distinguish between adsorption and surface precipitation by m acroscopic 
sorption experiments alone.
Sorption behavior as a function o f ionic strength can be again dem onstrated by 
Figure 12, showing experim ents at a higher solid concentration (3.0 g/L vs. 2.5 g/L) and a
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Figure 12. Sorption o f  1.0x10'^ M Pb(H) on 3.0 g/L zeolitized tu ff as a function o f  ionic 
strength.
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low er m etal cation concentration ( 1.0x10^ vs. 1 .Ox 10“* M) than the previous figure. It 
can be seen in the figure that the fractional uptake o f Pb(II) on the zeolitized tu ff fo r the 
two low er background electrolyte concentrations is again independent o f the pH  o f the 
solution and greater than 95%  for both ionic strengths due to the large cation-exchange 
capacity  o f  the zeolitized tuff. It is still possible to distinguish from  the experim ental 
data, how ever, that the lowest background electrolyte concentration results in the greatest 
fractional uptake of Pb(ID on the zeolitized tuff. The figure also show s that the fractional 
uptake o f  Pb(II) is again dependent on the pH  o f the solution at a background electro lyte 
concentration o f 1.0 M NaNO?. The figure clearly shows the fractional uptake o f  Pb(H) 
increasing from  approxim ately 20% at low pH  o f 3 to a fractional uptake o f 
approxim ately  95% at high pH values o f  9 and above.
Special attention needs to be draw n to the fact that in the figures illustrating the 
fractional uptake of Pb(H) as a function o f  ionic strength, the fractional uptake o f  Pb(IT) is 
approxim ately  20% for low pH  values o f  3 for the 1.0 M N aN 0 3  background electro lyte 
concentration. This limited fractional uptake at low pH values is som ew hat surprising  
because it has been docum ented that the fractional uptake of m etal cations by the 
form ation o f surface com plexes, which are pH -dependent, increases from  essentially  zero 
to alm ost 100% over a narrow interval o f  pH  units (Stumm and M organ, 1996). T he 
fractional uptake of Pb(H) at these low pH  values, therefore, m ust be attributed to som e 
other b ind ing  mechanism such as cation exchange because precipitation is not likely to 
occur a t this low pH. It can also be seen in Figure 10 and Figure 12 that the increase o f 
fractional uptake is more abrupt for the h igher Pb(U) cation concentration. This type o f 
sorption behavior is likely caused by the form ation o f precipitates for the higher Pb(H)
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cation concentration, because as is seen later in this section o f  the chapter, decreases in 
the Pb(II) cation concentration should increase the overall fractional uptake of the cation, 
which is not seen with these two figures.
T he batch equilibrium  sorption experim ents performed as a  function o f ionic 
strength, therefore, indicate that there are at least two possible binding mechanisms 
responsible for the fractional uptake o f Pb(IT) on the zeolitized tuff: cation exchange at 
the lower ionic strengths, o r the form ation o f  surface com plexes at external sites (or 
precipitates) at the highest ionic strength. This experimental data corresponds well to 
other studies because it has been docum ented that the surface charge o f alum inosilicate 
minerals may arise either from isom orphous cation substitution w ithin the structure, 
which is pH independent, or by protonation/deprotonation reactions at oxide/hydroxide 
surface groups w hich are pH dependent (G oodm an, 1986). The fractional uptake o f 
Pb(IT) by the form ation o f surface com plexes can be regarded as a com petition between 
the Pb(II) cation and the H'  ^cation for any available surface sites. Consequently, the 
fractional uptake o f Pb(II) at low pH values is minimal due to the higher concentrations 
o f H^. As the pH o f the solution increases, the fractional uptake o f  Pb(II) increases due to 
the decreasing am ounts o f H^ in solution, and because of the increased hydrolysis o f 
Pb(II) with increasing pH.
Batch equilibrium  sorption experim ents were also perform ed at solid 
concentrations o f  2.5, 3.0, and 20.0 g/L to provide a range o f adsorbent to adsorbate 
ratios. These three d ifferent solid concentrations result in a range o f  differing total 
surface areas, which w ould in turn determ ine the total concentration o f available binding 
sites. The results show that, overall, the fractional uptake o f Pb(II) increases as a function
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o f increasing solid concentration. For example. Figure 13 illustrates the fractional uptake 
o f  1.0x10'^ M Pb(II) in 1.0 M N aN O ] as a function o f the zeolitized tu ff concentration. 
The figure clearly shows that the two lowest solid  concentrations result in the lowest 
fractional uptake o f Pb(II). The results are alm ost indistinguishable, as expected, given 
the small difference between the tw o concentrations. The 2.5 and 3.0 g/L solid 
concentrations result in the fractional uptake o f  approxim ately 20-95% of the available 
Pb(II) in solution for pH values in the range o f 3 to 10. The highest solid concentration 
o f  20 g/L, how ever, results in the greatest fractional uptake o f  approxim ately 65-100% for 
pH  values in the range o f  3 to 8.5. This type sorption behavior o f increasing fractional 
uptake as the solid concentration increases is expected because higher solid adsorbent
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Figure 13. Sorption of 1.0x10'^ M Pb(II) in 1.0 M  NaNOa as a  function o f zeolitized tuff 
concentration.
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concentrations increase the num ber o f available binding sites for the Pb(ll) cation.
Sorption behavior o f  this type can be seen again in Figure 14. This figure shows 
the fractional uptake o f  1.0x10"* M Pb(ll) in 0.1 M NaNOs as a function  o f  solid 
concentration. It is interesting to note that there is not much o f a  variation in the overall 
fractional uptake of Pb(EI) as a function o f solid  concentration in this figure com pared to 
the previous figure. This can be explained because at background electrolyte 
concentrations less than 1.0 M NaNOa, the fractional uptake of Pb(II) on the zeolitized 
tu ff is extrem ely favorable because there is less com petition for the available cation- 
exchange sites. It is still visible in this figure, how ever, that the fractional uptake o f 
Pb(II) increases as the solid adsorbent concentration increases. F or exam ple, the figure
100
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Figure 14. Sorption o f  1.0x10“* M  Pb(II) in 0.1 M  NaNOs as a function o f  zeolitized tuff 
concentration.
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clearly  show s that the 20 g/L solid  concentration has the highest fractional uptake o f  
Pb(II). This figure also serves to illustrate that the fractional uptake o f Pb(II) on the 
zeo litized  tuff is solid-concentration dependent, but qualitatively different depending on 
the ionic strength. F or exam ple, the fractional uptake o f Pb(II) in this figure is pH- 
independent. but in the previous figure, it was pH-dependent.
Batch equilibrium  sorption experim ents were also perform ed at 3 different Pb(ID 
concentrations in an attem pt to determ ine what effect, if any, that changing Pb(IT) 
concentrations have on the fractional uptake o f Pb(II) on the zeolitized tuff. O verall, the 
experim ental data show  that the fractional uptake o f  Pb(II) increases as the Pb(U) cation 
concentration decreases. For exam ple. Figure 15 illustrates the fractional uptake o f  Pb(IT)
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Figure 15. Sorption o f  Pb(II) on 20 g/L zeolitized tuff in 1.0 M N aN O s as a function o f 
Pb(]I) concentration.
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on 20.0 g/L zeolitized tu ff in 1.0 M NaNOs as a function o f the Pb(II) concentration. The 
figure shows that the fractional uptake o f Pb(IT) varies from 57-95% for the 1.0x10"^ M 
Pb(IT) concentration for pH  values in the range o f 3.5 to 8. but the 1.0x10'^ M Pb(IT) 
concentration results in the fractional uptake o f approxim ately 65-99% Pb(ll) for pH 
values in the range 3 to 9. Lastly, the lowest metal cation concentration o f 1.0x10^ M 
Pb(II) results in the highest fractional uptake o f approxim ately 80-100% Pb(H) for pH 
values in the range o f 4 to 6.5. This type o f sorption behavior where the fractional uptake 
increases as the Pb(lT) cation concentration decreases is also expected because if the total 
am ount o f  Pb(H) cations in solution available for binding decreases, then proportionately 
more binding sites will be available for the Pb(II) cations that are remaining in solution. 
Pb(DD Sorption Param eter Estim ation
The fractional uptake data obtained from  the batch equilibrium  sorption 
experim ents with Pb(H) w ere used to estim ate parameters for Freundlich and linear 
sorption isotherm s. The equilibrium  data points used to construct the isotherms were 
obtained by hand-fitting a best fit curve to the fractional uptake data for different 
geochem ical conditions (e.g. pH, ionic strength, solid-liquid ratio). Sorption isotherm s 
for Pb(IT) contained a m inim um  of nine points, and were constructed at pH values o f 4, 5. 
6, 7, 8, and 9. From the experim ental data, it was possible to calculate partitioning 
coefficients for the Pb(IT) cation at a background electrolyte concentration of 1.0 M 
NaNO^. Sorption isotherm s and partitioning coefficients were not constructed for the two 
lower background electrolyte concentrations (0.1 and 0.01 M NaNO?) because the 
fractional uptake o f Pb(II) on the zeolitized tuff for these ionic strengths was extrem ely 
favorable and approached 100% for more than one set o f conditions. Consequently,
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Freundlich and linear isotherm s could not be calculated because these isotherm s do not 
imply any m axim um  quantity o f  adsorption.
To sum m arize briefly from Chapter 3, the fractional uptake data were first fitted 
to the logarithmic form of the Freundlich isotherm.
log 5  = — * log C + log AT (6)
n
T he param eter 1/n is a m easure o f the linearity of the isotherm. A mathem atically valid 
distribution coefficient (Kd) can be calculated when the 1/n term , which is the slope o f  the 
logarithmic form of the equation, is equal to 1.0. In such a situation, the Freundlich 
isotherm  reduces to the linear isotherm,
S = K , C  (7)
If the term 1/n is not equal to 1.0, however, the term Kf can be calculated. The term  K,, 
the Freundlich constant, is equal to the intercept o f the isotherm  with the y-axis. These 
two parameters, Kf and 1/n, can be used as indicators o f the sorption capacity o f the 
adsorbent for the specific geochem ical conditions at which the equilibrium  data points 
were calculated, whereas the param eter IQ implies a direct linear relationship betw een the 
equilibrium  concentration o f  the solute and the sorbed concentration for the geochem ical 
conditions at which the data points were calculated (W eber and DiGiano, 1996). It
should be kept in mind that w hen m odeling sorption data by the Freundlich isotherm , the
added degree of freedom allow s for easy curve fitting, but the isotherms do not guarantee 
accuracy if the data are extrapolated beyond the experim ental points and conditions 
specified (Travis and Etnier, 1981).
The Freundlich isotherm  parameters, Kf and 1/n, for the Pb(H) cation at a
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background electrolyte concentration o f  I.O M NaNOs are shown in T able 8. Inspection 
o f  the data in the table reveals that the 1/n terms are not equal to 1.0. In fact, the 1/n 
term s generally deviate m ore from 1.0 as the pH at which the Freundlich isotherm s were 
constructed increases. The sorption data  were therefore fit to the Freundlich isotherm  and 
fits for pH values o f 7, 8, and 9 are illustrated in Figure 16. Because o f  the non-linearity 
o f  the isotherms, true distribution coefficients for the Pb(II) cation in contact with the 
zeolitized tuff from the NTS cannot be defined for this particular background electrolyte 
concentration. The calculated Kf and 1/n param eters, however, can be used  as an 
indication o f the sorption capacity o f the adsorbent for the specific geochem ical 
conditions at which the equilibrium  data  points were calculated. The calcu la ted  Kf 
param eters vary from 1.29x10“* to 4.37x10'^ (g/g)/(g/m^)’^ ", and it can be seen from  the 
table that the Kf param eters increase as the pH o f the solution increases. T hese data
Table 8. Freundlich isotherm  param eters for Pb(IT) equilibrium  sorption isotherm s in 1.0
M  NaNO].
pH Kf
(.g/g)/(g/m^)""
1/n
{-)
r-
4 1.29x10“* 0.800 0.980
5 1.62x10“* 0.786 0.982
6 3.52x10“* 0.899 0.876
7 8.25x10“* 0.616 0.799
8 2.00x10^ 0.699 0.895
9 4.37x10'^ 0.705 0.925
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Figure 16. Freundlich isotherms o f Pb(H) sorption on zeolitized tuff in 1.0 M N aN O ] at 
pH values o f  7, 8, and 9.
indicate that the fractional uptake o f Pb(IT) on the zeolitized tu ff increases as the pH  o f 
the groundw ater increases, as shown from the experim ents reported.
L inear isotherm s based on fractional uptake data for Pb(EI) were also determ ined 
even though m athem atically valid distribution coefficients can not be calculated fo r the 
Pb(H) cation at this background electrolyte concentration. Fitting o f the equilibrium  
sorption data  by linear isotherms was perform ed because distribution coefficients are, 
most frequently, utilized by mathematical m odelers to estim ate the transport o f  
contam inants in the subsurface environm ent. These distribution coefficients, w hile not 
m athem atically valid, would at least provide a starting point to begin calculations for 
estim ating the m igration rate o f Pb(EI) in the subsurface environm ent. The IQ values, and
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the correlation coefficients, r", obtained from the Pb(II) sorption isotherm s are shown in 
Table 9. The Kj estim ates were obtained from a least squares fit. It m ust be kept in 
mind, however, that the data in the table cannot be considered com pletely valid because 
the Freundlich isotherm s for these data were non-linear. In addition, the distribution 
coefficients shown in Table 9 were obtained by forcing the linear isotherm s at each pH 
through zero. This was done because one o f the assumptions for the linear isotherm 
equation is that the isotherm  must go through zero. Figure 17 shows exam ples o f the 
linear isotherm s for pH  values o f 7, 8, and 9 that were forced through zero to calculate the 
distribution coefficients. The distribution coefficients based on the best fit linear 
isotherms, however, can be seen in Appendix 1.
Inspection o f the data in the table reveals that the distribution coefficients (IQ) 
also increase as the pH o f the solution increases. This behavior was seen with the
Table 9. D istribution coefficients (BQ) for Pb(ID in 1.0 M NaNO? at different pH values.
pH Kd
(mVg)
r
4 8.31x10'" 0.984
5 1.05x10^ 0.979
6 5.14x10“^ 0.535
7 1.24x10'^ 0.392
8 3.87x10'^ 0.724
9 8.06x10^ 0.910
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Figure 17. Linear isotherm s of Pb(lT) sorption on zeolitized tuff in 1.0 M N aN O j at pH 
values of 7, 8, and 9.
calculated Kf param eters, and, of course, indicates that the affinity of the Pb(II) cation for 
the zeolitized tuff increases as the pH of the solution increases for the reasons m entioned 
previously. The distribution coefficients vary from a m inim um  value o f 8.31x10'^ mVg 
to a m axim um  value o f 8.06x10'^ m Vg. It is interesting to note from both tables that the 
calculated Kf param eters varied by only 1 order o f m agnitude for all pH values 
investigated, but the calculated K<j param eters varied by alm ost two orders o f  magnitude 
for the pH values investigated. The Ky param eters had to vary by two orders o f 
m agnitude to account for the exponent o f the linear isotherm  being held constant at 1.0. 
This serves to illustrate that the experimental data for Pb(II) are best described by the 
non-linear Freundlich isotherm.
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Chemical Spéciation M odeling o f Pb(ID
The particular chem ical form in which an elem ent exists in w ater is term ed its 
spéciation. The spéciation o f elements in aqueous environm ents is extrem ely im portant 
to be aware o f  because inform ation on the types o f species encountered under different 
chemical conditions is a  prerequisite to a better understanding o f  the distribution and 
functions o f  elem ents in natural waters (Stumm and M organ, 1996). It has also been 
suggested that the spéciation o f metal ions in a  m ulti-com ponent system  influences the 
specific sorption process that may be occurring, and that the spéciation o f ions can vary 
during the transport o f  the pollutant in the groundw ater (Stum m  and M organ, 1996). The 
geochemical m odeling program  M in eq f (Schecher and M cAvoy, 1994), therefore, was 
used to determ ine the theoretical spéciation o f Pb(II) in the groundw ater at the NTS, as 
well as in the solutions used for the equilibrium experim ents. C arbon dioxide gas (C O : 
(g)) was excluded from  all calculations. These theoretical spéciation calculations were 
performed because it w as thought that it would be beneficial to investigate whether 
precipitates o f Pb(II) w ould be likely to form in the groundw ater at the NTS, or in the 
batch equilibrium  sorption reactors. These spéciation calculations might make it 
possible, qualitatively at least, to distinguish betw een different types o f sorption processes 
occurring at different pH s. For example, these spéciation calculations might make it 
possible to determ ine w hether surface com plexes o r precipitates w ould be more likely to 
form for different geochem ical conditions. It has been pointed out, however, that the 
formation o f  a precipitate at concentrations not exceeding the solubility o f a given phase 
is therm odynam ically feasible because o f the presence o f the adsorbent which acts as a 
nucléation site (Sposito, 1986). It must be rem em bered, therefore, that these spéciation
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calculations are only theoretical because the addition o f a so lid  adsorbent phase may 
cause the form ation o f precipitates not indicated by the geochem ical m odeling program.
In order to m odel the spéciation o f  Pb(II) in the groundw ater at the N TS, a 
groundw ater analysis from  water well U -20 at the NTS was obtained. T he  results o f  the 
chem ical analysis o f  the groundw ater are provided in Table 10. Additionally, the pH of 
the volcanic groundw ater was m easured as 8.33, and the tem perature o f the well water 
was measured as 37.0 °C. Based on the m olar concentrations o f the elem ents in the 
groundwater, the ionic strength o f the groundw ater was calculated as 3.244x10"^ M.
Using this groundw ater com position and a Pb(II) concentration o f  l.Ox 10“* M, the 
spéciation o f Pb(II) in the groundw ater w as modeled assum ing that the system  was closed
Table 10. Chem ical analysis o f the groundw ater from  well U-20 on the NTS.
Elem ent Concentration
(mg/L)
C oncentration
(M )
Na^ 57 2.4x10'^
1.74 4.45x10'^
Ca-+ 6.15 1.53x10“*
M g-" 0.44 1.81x10^
c r 11.4 3 .21x10“*
H C O 3 107 1.7xl0 '-'
SO4- 30.7 3 .19x10“*
N O 3 2 3.22x10'^
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to the atm osphere (no C O : (g) exchange). Inspection o f Figure 18 reveals that under 
these particular set o f  conditions there would be four predom inant Fb(IT) aqueous species: 
Pb"^, PbHCO]^, PbC0 3 °, and PbSO^". At all pH values less than approxim ately  6.4, the 
predom inant Pb(II) aqueous species is Pb"^. As the pH  o f the groundw ater exceeds 6.4. 
the predom inant Pb(II) species becom es PbCO : (aq). The therm odynam ically stable 
precipitate at pH values above approxim ately 5 is cerrusite (P bC 03 (s)). C em isite  
remains the predom inant precipitate o f Pb(lT) until a pH o f approxim ately 8.5, where 
Pb(OH ): (s) becom es the predominant Pb(II) solid phase accounting for alm ost 100% of 
the total Pb(H). The formation o f  these precipitates results in the decrease o f the total 
Pb(H) concentration with increasing pH, as also indicated in Figure 18.
Pb(OH)., (s)P bC O , (s)
2? -8
P b H C O /
PbCO °
P b S O /
Total P b (ll)  (aq)
Figure 18. Spéciation modeling o f l.OxlO'^ M Pb(II) in groundwater from  well U-20 at 
the NTS.
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The spéciation of Pb(H) was also modeled using a total metal cation concentration 
o f l.OxIO'^ M  Pb(II), the lowest m etal concentration used in these studies. Inspection o f 
Figure 19 reveals a slightly different situation than was found with the l.Ox 10“* M Pb{ET) 
concentration. A t this lower Pb(II) concentration, there would be six predom inant 
aqueous Pb(II) species present in the groundwater rather than four, nam ely Pb"^, PbOFT. 
PbHCO], PbCO s”, PbfC O ]):'', and P b S O /. Inspection o f the diagram reveals that, again, 
at low pH values up to approxim ately a pH of 6, Pb"^ w ould be the predom inant Pb(IT) 
aqueous species. PbCO:'^ (aq) again becom es the predom inant Pb(IT) aqueous species 
from a pH o f 6 to approxim ately 9.6. At pH values above 9.6, Pb(C0 3 )2"‘ becom es the 
predom inant Pb(IT) aqueous species. The precipitate form ed at pH values above 8.4 is
-15
-17
P b(O H ), (s)
« - 1 1
PbOH
PbHCO
-PbCO^° 
-P b (C O ,), 
■ P b S O / “
■ T otalPb(ll) (aq)
7
pH
10 11
Figure 19. Spéciation modeling o f 1.0x10'^ M Pb(H) in groundwater from  w ell U-20 at 
the NTS.
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P b(O H ): (s).
The theoretical chemical spéciation o f  Pb(II) at tw o different m etal cation 
concentrations within the batch equilibrium  sorption reactors was also m odeled. The 
system  was assum ed to  be closed to the atm osphere with only the background electrolyte 
present. This is, obviously, a sim plification because no special precautions to exclude 
C O : (g) were taken during  the experim ents. Spéciation m odeling o f  Pb(H) was 
perform ed at all three background electrolyte concentrations, but the geochem ical 
m odeling program M ineqC  is not accurate at ionic strengths above 0.1 M. Spéciation 
calculations, therefore, will only be show n for the lowest background electrolyte 
concentration investigated because it is relatively close to the actual ionic strength o f the 
groundw ater obtained from water well U -20. Inspection o f Figure 20 reveals that only 
three aqueous Pb(lT) species would be present in the batch equilibrium  sorption reactors 
using a high 1.0x10“* M  Pb(ll) concentration. Aqueous Pb(lT) in the batch equilibrium  
reactors would be present as either P b ^ \ P bO lU , or PbNOs^. It can also be seen from the 
figure that Pb'^ w ould be the predom inate Pb(II) species at low pH values until a  pH of 
approxim ately 7.8. A t pH values greater than 7.8, PbOH^ w ould becom e the predom inate 
Pb(H) species. The so lid  phase Pb(O H ): (s) is the therm odynam ically stable phase above 
pH values 5.8. Precipitation at lower pH  values in the groundw ater at the NTS w ould be 
caused by the interactions o f the Pb(II) cation with carbonate species present in the 
groundw ater at the N TS that are not present in the batch equilibrium  reactors.
T he theoretical interaction o f I.Ox 10’* M Pb(ll) w ith a background electrolyte 
concentration o f 0.01 M  NaNO] in the batch  equilibrium  sorption reactors was the last 
scenario  investigated. Inspection o f  Figure 21 reveals a situation alm ost identical to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
69
Cû
- » - p b - +
-G -P b O H +
- « - P b N O /
T otal Pb(II) (aq)
-12
-14
7 9 10 1 15 863 4
PH
Figure 20. Spéciation m odeling o f 1.0x10"* M  Pb(IT) in 0.01 M  NaN O] closed to the 
atmosphere.
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Figure 21. Spéciation m odeling o f LOxlO^ M  Pb(IT) in 0.01 M  N aN O ; closed to the 
atmosphere.
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spéciation o f  a I.Ox 10"* M Pb(II) concentration. In this figure, how ever, the precipitation 
o f Pb(II) w ould not occur until a pH  o f approxim ately 7.0, whereas the precipitation of 
1.0x10"* M Pb(ID occurred at a pH o f  approxim ately 5.8. At this metal cation 
concentration, Pb"^ is the predom inate aqueous species until a  pH o f approxim ately 7.8.
At pH values above 7.8, P bO P f becom es the predom inate aqueous species.
In conclusion, the spéciation o f  Pb(II) was m odeled at two different m etal cation 
concentrations and using two different groundwater com positions. The results o f  the 
modeling indicate that precipitation o f  Pb(II) would occur at both metal cation 
concentrations studied, and in both the groundwater at the NTS and in the batch 
equilibrium  sorption reactors. The pH  at which precipitation o f Pb(H) w ould occur is 
dependent on the metal cation concentration, and on the com position o f  the w ater used.
To what ex tent this precipitation w ould effect the sorption behavior o f  Pb(H) is 
impossible to determ ine by m acroscopic sorption experim ents alone. M acroscopic 
sorption experim ents cannot distinguish between adsorption o f the cation and 
precipitation o f  a solid phase. These types o f batch equilibrium  sorption experim ents 
would only be able to show that the cation had indeed been removed from  solution, but 
not by what m eans it had been rem oved. These spéciation calculations, how ever, have 
shown that it is at least therm odynam ically feasible at pH  values above 5 for the 
precipitation Pb(II) w ithout the presence o f any solid adsorbent phase. It m ust be 
rem em bered, how ever, that precipitates o f Pb(H) could form  at even low er pH values than 
suggested by the spéciation calculations because precipitates can form in the aqueous 
solutions at concentrations not exceeding the solubility o f  a given phase because o f  the 
presence o f  so lid  mineral phases w hich act as a nucléation sites (Sposito, 1986). On the
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o ther hand, removal o f  Pb(II) from solution by sorption reactions would tend to decrease 
the potential for precipitation o f the rem aining metal.
Sorption Behavior o f Sr(ID
The sorption behavior o f Sr(ID was also investigated at background electrolyte 
concentrations of 0.01, 0.1, and 1.0 M NaNOg in order provide clues about the type o f 
adsorption complex being formed (outer-sphere vs. inner-sphere). Overall, the batch 
equilibrium  sorption experim ents indicate that the fractional uptake o f Sr(H) on the 
zeolitized  tuff increases with decreasing ionic strength. This ionic strength dependence 
suggests Sr(II) is form ing outer-sphere adsorption com plexes. Figure 22 show s the 
fractional uptake o f 1.0x10'^ M Sr(H) on 2.5 g/L  zeolitized tu ff as a function o f  ionic
100
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Figure 22. Sorption o f  1.0x10“* M Sr(ll) on 2.5 g/L zeolitized tu ff as a  function o f ionic
strength.
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strength. The 0.1 M NaNOg concentration results in the fractional uptake o f 
approxim ately 30%  for all pH values investigated, but the 0.01 M  NaNOs concentration 
results in a  fractional uptake o f approxim ately 80% for all pH values investigated. This 
behavior o f  increasing  fractional uptake as the ionic strength decreases can be explained 
because there is less com petition w ith the Na'*' cation for the available cation-exchange 
sites o f the zeo litized  tuff at the low er ionic strength. The figure also shows that the 
fractional uptake o f  Sr(H) on the zeolitized tu ff is independent o f  the pH for all 
background electro ly te concentrations investigated. This type o f  sorption behavior is 
consistent w ith the sorption behavior o f the Pb(ID cation at the tw o low er background 
electrolyte concentrations investigated. The pH -independent sorption behavior indicates 
that the fractional uptake o f Sr(IT) is being controlled by cation exchange on the pH - 
independent perm anent-charge sites.
The experim ents also show  that, like the Pb(IT) cation, the Sr(II) cation cannot 
com pete successfu lly  with the background electrolyte for the internal cation-exchange 
sites o f the zeo litized  tuff at the highest background electrolyte concentration (1.0 M 
NaNOa). This type o f sorption behavior suggests that Sr(IT) is only able to bind to the 
zeolitized tu ff at cation-exchange sites, unlike the Pb(II) cation, w hich was able to bind to 
am photeric surface sites, or form  surface polym ers and precipitates as a function o f pH at 
the highest background electrolyte concentration. The fact that there is no fractional 
uptake o f Sr(II) at the highest background electrolyte concentration is som ewhat expected 
because Sr(II) does not form inner-sphere coordination com plexes like Pb(IT) with pH 
dependent surface sites. In addition, the Sr(II) cation does not hydrolyze significantly like 
the Pb(H) cation , and consequently there are no analogous Sr(II) precipitates.
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This type o f sorption behavior is again illustrated in Figure 23. The figure shows 
the fractional uptake o f  1 .Ox 10"  ^M Sr(H) on 2.5 g/L zeo litized  tu ff as a function o f ionic 
strength. The fractional uptake o f Sr(II) is again negligible for the 1.0 M NaNOs 
concentration, which indicates that Sr(II) is completely excluded from the internal cation- 
exchange sites o f the zeo litized  tuff. The fractional uptake o f  Sr(IT), however, increases 
to approxim ately 40%  for the 0.1 M NaNO] concentration, and approaches nearly 96% 
for the 0.01 M NaNO? concentration. In addition, it can be seen from the figure that the 
fractional uptake o f Sr(II) on the zeolitized tuff is again pH -independent at all ionic 
strengths, and that the fractional uptake o f  Sr(IT) increases as the overall ionic strength o f 
the solution decreases.
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Figure 23. Sorption 1.0x10'^ M Sr(H) on 2.5 g/L zeolitized tu ff as a function o f ionic 
strength.
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The equilibrium  sorption behavior o f  Sr(IT) was also studied as a function o f  the 
zeolitized tu ff solid concentration. Batch equilibrium  sorption experim ents were 
perform ed at solid concentrations o f  2.5, 3.0, and 20.0 g/L. The experim ents indicate that 
the fractional uptake o f  Sr(IT) increases as the solid concentration o f  the adsorbent 
increases. For exam ple. Figure 24 illustrates the fractional uptake o f 1.0x10“* M Sr(lT) in 
0.1 M  NaNOs as a function o f  the zeolitized tu ff concentration. It can be seen from the 
figure that the fractional uptake of Sr(II) is the highest, approxim ately 70%, for the 
highest solid  concentration o f  20 g/L, and decreases to approxim ately 30% for the 2.5 g/L 
solid  concentration. A gain this behavior o f increasing fractional uptake o f Sr(II) as the 
solid  concentration increases is expected, because as the solid concentration o f the
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Figure 24. Sorption o f  1.0x10“* M Sr(II) in 0.1 M NaNO) as a function o f zeolitized tuff 
concentration.
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zeolitized tu ff increases, relatively more binding sites become available for the Sr(ID 
cation because increasing solid  adsorbent concentrations increase the available surface 
area o f the adsorbent.
The last geochem ical param eter investigated was the overall Sr(II) cation 
concentration. As one w ould expect from the discussions with the Pb(IT) cation, 
decreases in the Sr(II) cation concentration should increase the fractional uptake o f  Sr(ID 
on the zeolitized  tuff. In fact, inspection o f Figure 25, showing experim ents at a 
background electrolyte concentration of 0.01 M  NaNOs and a solid  concentration o f  2.5 
g/L, verifies that as the Sr(II) cation concentration decreases the fractional uptake o f  Sr( U) 
on the zeolitized tuff increases. In the figure, the 1.0x10“* M Sr(,II) cation
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Figure 25. Sorption o f Sr(H) on 2.5 g/L zeolitized tu ff in 0.01 M N aN O ] as a function o f 
Sr(II) concentration.
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concentration displays a  fractional uptake o f approxim ately 85% . and the l.OXIO'^ M and 
I.Ox 10'^ M  Sr(H) concentrations both exhibit fractional uptakes in excess o f 95% . It is 
still som ew hat apparent from  the figure, however, that the low est Sr(IT) concentration 
results in the highest fractional uptake of Sr(H) on the zeolitized tuff from the N TS. This 
equilibrium  sorption behav ior is again expected, because as the Sr(IT) concentration 
decreases, there are proportionately more available binding sites for the Sr(H) cations that 
are rem aining in solution.
In conclusion, the equilibrium  sorption behavior o f  Sr(H) was investigated as a 
function o f  num erous geochem ical parameters. Overall, the experiments revealed that the 
fractional uptake o f  Sr(II) increased as the ionic strength o f  the background electrolyte 
decreased. The experim ents also indicated that the fractional uptake of Sr(U) increased as 
the solid  concentration o f  the adsorbent increased, and that the fractional uptake o f  Sr(II) 
increased as the overall Sr(U) cation concentration decreased.
SrdD  Sorption Param eter Estim ation
T he fractional uptake data for Sr(IT) were used to derive Freundlich and linear 
isotherm  param eters. T he isotherm s constructed were based on a m inimum of 8 d ifferent 
points for the 0.1 M N aN O s concentration and 6 different points for the 0.01 M N aN O ] 
concentration. Isotherm s were constructed at pH values o f  4, 5, 6. 7, 8 and 9 by hand 
fitting a  best-fit curve to  the fractional uptake data. Partitioning coefficients for Sr(IT) in 
contact w ith the zeolitized  tu ff from  the NTS were calculated for background electro ly te 
concentrations o f 0.1 M  and 0.01 M NaNO]. No partitioning coefficients were calcu la ted  
for the highest background electrolyte concentration (1.0 M N aN O ;) because there was no 
fractional uptake o f Sr(II) at that background electrolyte concentration.
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The Freundlich isotherm  parameters, Kf and 1/n, calculated for the Sr(H) cation at 
a background electrolyte concentration of 0.1 M  N aN O ] are displayed in Table 11. The 
table sum m arizes the fitting  of the equilibrium data  points by the logarithm ic form o f the 
Freundlich isotherm  (See C hapter 3 for a discussion o f the Freundlich isotherm). The 
fitting o f the Sr(H) equilibrium  data by the Freundlich isotherm can also be seen in Figure 
26, and since the fractional uptake o f Sr(H) on the zeolitized tuff is the sam e at each pH 
value only one isotherm is necessary. Inspection o f the data in the table reveals that the 
1/n term is approxim ately 1.0 (0.97), and that the Kf param eter is equal to 1.89x10“* 
(g/g)/(g/m^)*^". There is only  one set of param eters (Kf and 1/n) since the fractional 
uptake o f Sr(II) on the zeolitized  tuff was independent o f the pH. In addition, this 1/n 
value suggests that the d istribution coefficient calculated for the Sr(H) cation with the 
linear isotherm  is m athem atically valid for the 0.1 M NaNOs background electrolyte 
concentration. These tw o param eters (Kf and 1/n), how ever, can also be used as indicators 
o f the sorption capacity o f  the adsorbent for the specific geochemical conditions at which 
the equilibrium  data points were calculated.
The fractional uptake data for Sr(II) at a background electrolyte concentration of 
0.1 M N aN O] were also fitted  by the linear isotherm . Because of the linearity of the
Table 11. Freundlich isotherm  parameters for Sr(II) equilibrium  sorption isotherms in 0.1
M NaNO].
pH Kf 1/n r"
(g/g)/(g/m ^)‘^ " (-)
4 ,5 ,  6 ,7 ,  8 ,9 1.89x10“* 0.967 0.960
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Figure 26. Freundlich isotherm o f Sr( ET) sorption on zeolitized tu ff in 0.1 M NaNO?.
Freundlich isotherm, the calculated distribution coefficient can be considered 
m athem atically valid. The Kj estimate was obtained from  a least squares fit o f  the data, 
and the isotherm was forced through zero because that is one o f the assum ptions o f the 
equation. The IQ value, and the correlation coefficient, r ‘ . obtained from the Sr(lT) 
isotherm  is shown in Table 12. The best fit partitioning coefficient, however, can be seen 
in Appendix 1. Inspection of Figure 27 shows the fitting o f the equilibrium  data by the 
linear isotherm for pH values o f 4, 5. 6. 7, 8, and 9. O nly one isotherm is required, 
however, because the fractional uptake o f Sri II) on the zeolitized tuff was independent of 
the pH. It can be seen from  the table that the distribution coefficient for Sr(EI) is equal to 
1.92x10-* m Vg.
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Table 12. Distribution coefficients (Kd) for Sr(II) in 0.1 M NaN 0 3  at d ifferent pH  values.
pH Kd r"
(mVg)
4, 5, 6, 7. 8, 9 1.92x10"" 0.965
0.0012
pH=4, 5, 6, 7, 8, 90.001
00
0.0008
g 0 .0006
S 0 .0004
0.0002
3 69 4 50
Equilibrium  Concentration (g/m )
Figure 27. Linear isotherm o f Sr(II) sorption on zeolitized tu ff in 0.1 M NaNOs.
It m ust be remembered, how ever, that the distribution coefficient is only valid for 
a background electrolyte concentration o f  0.1 M NaNO^. For exam ple, it can be seen in 
Table 13 that as the background electrolyte concentration is decreased to 0.01 M N aN O ], 
the distribution coefficient calculated from  the linear isotherm can no longer be 
considered to be com pletely valid because the 1/n term o f the logarithm ic form  o f the 
Freundlich isotherm equation deviates m ore from 1.0 (0.672). The fitting o f  the
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Table 13. Freundlich isotherm equation param eters for Sr(H) in 0.01 M  NaNO^.
pH Kf 1/n r‘
(g/g)/(g/m ^)''" (-)
4, 5, 6, 7, 8. 9 2.45x10'^ 0.672 0.971
equilibrium  sorption data at this low er background electrolyte concentration by the 
Freundlich isotherm can be seen in F igure 28. It is interesting to note, how ever, that the 
Kf param eters for the tw o different background electrolyte concentrations are alm ost an 
order o f magnitude different with the 0.01 M ionic strength having the larger Kf value. 
The larger Kf param eter for the 0.01 M  N aN O ] background electrolyte concentration
0.01
0.001
0.0001
0.00001 I—  
0.001 0.10.01 101
Equilibrium  Concentration (g/m )
Figure 28. Freundlich isotherm  o f Sr(II) sorption on zeolitized tu ff in 0 .0 1 M  N aN O ;.
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indicates that the Sr(II) cation has a greater affinity for the zeolitized tu ff at this lower 
background electrolyte concentration. The dissim ilarity in the 1/n term s can be explained 
because at the lower background electrolyte concentration there is less com petition with 
the Na"  ^cation for the internal cation-exchange sites o f the zeolitized tuff. The fractional 
uptake o f Sr(H) on the zeolitized tuff, therefore, is extrem ely favorable and approaches 
100% for more than one set o f geochemical conditions. As previously stated, a lim itation 
o f the Freundlich isotherm  equation is that it does not imply a m axim um  quantity o f 
adsorption, and as the fractional uptake o f  Sr(II) approaches 100% for a num ber o f 
different geochemical conditions, the isotherm becomes increasingly nonlinear.
The fractional uptake data for Sr(II) at the 0.01 M N aN O ; background electrolyte 
concentration, however, were also used to derive parameters from  the linear isotherm 
(Figure 29). It must be rem em bered that the calculated distribution coefficient cannot be 
considered com pletely valid because the 1/n term of the Freundlich equation is not equal 
to I.O. The calculated distribution coefficient for Sr(II) at the 0 .0 1 M NaNO; ionic 
strength is shown in Table 14. It is interesting to note that the calculated distribution 
coefficient, while not technically valid at this ionic strength, is som ew hat sim ilar to the 
corresponding Kf param eter that was calculated for this background electrolyte
Table 14. D istribution coefficients (IQ) for Sr(U) sorption isotherm s 0.01 M NaNO] at
different pH values.
pH Kd r"
(mVg)
4, 5, 6, 7, 8, 9 2.50x10^ 0.967
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Figure 29. Linear isotherm  of Sr(II) sorption on zeolitized tuff in 0 .0 1 M NaNO].
concentration. The calculated Kf param eter for all pH values was 2.40x10'^ 
(g/g)/(g/m^)‘^ ", and the calculated BQ param eter for all pH values was 2.50x10'^ mVg. 
Chemical Spéciation M odeling o f  Sr(IT)
The theoretical spéciation o f Sr(IT) in groundw ater from water well U -20 at the 
NTS, and in the batch equilibrium  sorption reactors was also investigated to gain 
additional understanding o f the possible sorption processes occurring in the system  o f 
interest. Investigations into the spéciation o f Sr(II) might provide clues as to the actual 
m echanism of sorption occurring at a particular pH. For exam ple, it m ight be possible, 
therm odynam ically at least, to determ ine w hether precipitation or surface com plexation 
would be more likely at particular pH values. Spéciation calculations with Sr(II) were 
performed using the groundwater com position from well U-20, and using a solution
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com position representative of the conditions in the batch equilibrium  reactors. In 
addition, the spéciation calculations fo r both solution com positions were perform ed 
assum ing the system s were closed to the atm osphere. The results o f  the calcu la tions with 
the groundw ater com position from the NTS will be discussed first, follow ed by a 
discussion o f the results in the batch equilibrium  reactors.
The first condition investigated for Sr(II) used the groundw ater com position  from 
the NTS and 1.0x10“* M Sr(IT) concentration. Figure 30 shows that there w ould  be only 
two aqueous Sr(II) species, Sr"^ and SrOH^, under these conditions. In addition. Sr"^ is 
the predom inant aqueous species under all pH  conditions investigated. SrO H ^ w ould 
never becom e the predom inant aqueous Sr(U) species in the groundw ater at the NTS at
S rC O , (s)
o
-10
Sr^+
SrOH+
T otal Sr(II) (aq)
-12
-14
103 4 5 6 7 8 9 I I
pH
Figure 30. Spéciation modeling o f  1.0x10 M Sr(II) in groundw ater from  w ell U -20 at 
the NTS.
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any value close to the actual pH of the groundwater. Strontianite (SrCOs) is expected  to 
precipitate at pH values above 8.0, under equilibrium  conditions.
The theoretical interaction o f 1.0x10"^ M  Sr(II) with the groundw ater com position 
obtained from the NTS w as also investigated. Inspection o f Figure 31 reveals very 
sim ilar conditions as to those found in the 1.0x10"^ M  Sr(II) concentration. Sr"^ and 
SrOH^ would be the only aqueous Sr(II) species in solution. Sr"^ w ould be the 
predom inant aqueous Sr(IT) species for all pH  values investigated using this groundw ater 
com position. In contrast to the 1.0x10"* M Sr(ID concentration that was modeled, 
however, there are no therm odynam ically stable solid  precipitates o f Sr(IT) at this m etal 
cation concentration. It can be seen from the figure that the entire 1.0x10'^ M Sr(IT)
u
5ÛO-J
-10
-12
SrO H
-14
8 9 10 117643
6 P "Figure 31. Spéciation m odeling o f 1.0x10 M Sr(II) in groundw ater from well U -20 at 
the NTS.
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concentration can be accounted for by the aqueous species Sr"^. This has im portant 
im plications fo r the transport o f  Sr(II) in the subsurface environm ent a t the NTS. For 
exam ple, it suggests that the sorption o f Sr(II) on the zeolitized tuff can  be solely 
attributed to adsorption, and not by a com bination o f  adsorption and surface precipitation.
The theoretical spéciation o f  Sr(II) in the batch equilibrium  sorption reactors was 
also investigated. The batch equilibrium  sorption experim ents were perform ed with high- 
purity water, therefore, for the spéciation calculations only Sr(H) and the background 
electrolyte w ere assumed to be present. The spéciation o f Sr(IT) was investigated at metal 
cation concentrations o f 1.0x10“* M and 1.0x10'^ M, and at all three background 
electrolyte concentrations (0.01, 0.1, and 1.0 M NaNOs). The ionic strength corrections 
used by the geochem ical modeling program  are only valid up to an ionic strength o f 0.1 
M, therefore, spéciation calculations will only be presented for the 0.01 M  NaNOs 
background electrolyte concentration. In addition, the m odeling show ed that the 
spéciation o f  Sr(H) was the same for the different m etal cation concentrations with only 
the total Sr(H) line being adjusted for the actual Sr(U) concentration. Therefore, only one 
figure will be shown illustrating the spéciation o f Sr(IT) in the batch equilibrium  sorption 
reactors. The results from the spéciation modeling indicated that again Sr""  ^and SrOH^ 
would be the only aqueous species present in the batch equilibrium  sorption reactors. For 
exam ple, inspection o f Figure 32 shows that Sr"^ w ould be the predom inate aqueous 
species under all pH  conditions. U nlike the spéciation o f  Pb(II), how ever, no precipitates 
o f Sr(H) w ould form  in the batch equilibrium  sorption reactors at either the highest or 
lowest m etal cation concentrations investigated. The entire 1.0x10"* and I.Ox 10'^ M 
Sr(El) concentrations would be accounted for by the aqueous species assum ing that no
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Figure 32. Spéciation m odeling of I.Ox 10"* M Sr(IT) in 0.01 M NaNOs closed to the 
atmosphere.
C O : (g) is present.
In conclusion, the spéciation calculations with Sr(IT) have shown that it is at least 
therm odynam ically feasible for precipitates o f  Sr(II) to form  in the groundw ater at the 
NTS at the highest Sr(II) concentration investigated. In addition, the spéciation 
calculations have show n that precipitates o f  Sr(II) would not be likely to form  at the 
lowest metal cation concentration investigated in the groundw ater at the NTS, o r  in any of 
the batch equilibrium  reactors. It m ust be rem em bered, how ever, that surface precipitates 
o f Sr(II) could form  in the system investigated at concentrations not exceeding the 
solubility o f a given phase because o f the presence o f a solid  phase which acts as a 
nucléation site. T he results from these calculations are extrem ely different from  the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
87
results obta ined  with the Pb(II) cation. T hose results showed that, therm odynam ically at 
least, precipitates o f Pb(H) w ould be more likely to form under all the different 
geochem ical conditions. This differing spéciation behavior can m ost likely be attributed 
to the fact that the Sr(II) cation does not significantly  hydrolyze like the Pb(IT) cation, and 
that it is generally  less chem ically reactive.
A C om parison o f the Sorption Behavior o f  Pb(ED and SrdD on the Zeolitized T uff
T he fractional uptake data obtained from  the batch equilibrium  sorption 
experim ents indicate that the Pb(H) cation has a greater affinity fo r the zeolitized tu ff 
from R ain ier M esa than the Sr(II) cation regardless o f the geochem ical param eter 
investigated. Inspection o f  Figure 33 displays the typical response o f  the two cations at a 
0.1 M N aN O : background electrolyte concentration, a 2.5 g/L zeolitized  tuff 
concentration, and metal concentrations o f 1.0x10"* M. As can be seen from the figure, 
the fractional uptake o f Pb(II) is substantially greater than the fractional uptake o f Sr(IT) 
for sim ilar geochem ical conditions. This type o f  sorption behavior can be seen again in 
Figure 34, w hich is at a higher solid concentration than the previous figure. The figure 
shows that the fractional uptake o f Pb(H) is again greater than the fractional uptake o f  
Sr(II) for sim ilar geochem ical conditions.
A lthough the fractional uptake o f  Pb(II) is always greater than the fractional 
uptake o f  Sr(II) on the zeolitized tuff, both cations show, qualitatively at least, sim ilar 
behavior to changes in the geochemical param eters o f interest. For exam ple, the 
fractional uptake o f  both cations increases as the background electrolyte concentration 
decreases fo r the two low est background electro lyte concentrations. In addition, the 
fractional uptake o f  both cations increases as the solid concentration o f  the adsorbent
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Figure 33. C om parison o f the sorption behavior of 1 .Ox 10"* M Pb(IT) and Sr(H) on 2.5 
g/L zeolitized tu ff in 0.1 M NaNOh.
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Figure 34. C om parison o f the sorption behavior of 1 .Ox 10"* M Pb(II) and Sr(H) on 20 g/L 
zeolitized tuff in 0.1 M  NaNO:.
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increases, and lastly, the fractional uptake o f  both cations increases as the metal cation 
concentration decreases.
The two m etal cations differ in their sorption behavior, however, when the ionic 
strength o f the background electrolyte is increased to the point where the metal cations 
are excluded from the intem al cation-exchange sites o f the zeolitized tuff. For exam ple, 
the fractional uptake o f Sr(IT) decreases to 0%  as the ionic strength o f the background 
electrolyte is increased to at least 1.0 M N aN O ;. This behavior can be seen in Figure 35, 
which illustrates the fractional uptake o f the cations on 2.5 g/L  zeolitized tuff in 1.0 M 
N aN O :. The figure reveals that the Sr(ID cation cannot com pete with the background 
electrolyte, which is 6 orders of magnitude greater in concentration, for the intem al
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Figure 35. Com parison o f  the sorption behavior of l.OxlO"^ M  Pb(II) and Sr(IT) on 2.5 
g/L zeolitized tu ff in 1.0 M NaNO;.
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cation-exchange sites o f the zeolitized tuff. There is no fractional uptake o f Sr(II) 
because it, apparently, does not form inner-sphere coordination com plexes with pH  
dependent surface sites, or surface precipitates. The fractional uptake o f Pb(II), how ever, 
is quite different from that o f  Sr(ID. The Pb(II) cation displays pH -dependent fractional 
uptake and  varies from 40-100%  for pH  values in the range o f  3-11. This pH -dependent 
sorption behavior suggests that the fractional uptake of Pb(IT) is not solely controlled  by 
cation exchange. It suggests that a d ifferent type o f binding m echanism  is responsible for 
the fractional uptake o f Pb(EI) as it becom es progressively excluded from  the in tem al 
cation-exchange sites o f the zeolitized tuff. Possible altem atives to cation-exchange at 
the h ighest background electrolyte concentration include the form ation o f inner-sphere 
coordination com plexes with pH dependent surface sites, or the form ation o f surface 
precipitates or polymers.
In conclusion, the partitioning characteristics of Pb(H) and  Sr(H) were investigated 
as a function o f  numerous geochem ical param eters. The m any experim ents indicated that 
the cations have sim ilar sorption behavior at background electrolyte concentrations o f  less 
than 1.0 M  NaNO:. The two cations d iffer in their sorption behavior, however, w hen the 
background electrolyte concentration is increased to I.O M NaNOs. Com parisons o f  the 
two cations sorption behavior also show ed that the fractional uptake o f Pb(H) is alw ays 
greater than the fractional uptake o f Sr(II) when the geochem ical conditions for the tw o 
cations are similar, which can likely be attributed to the d ifferent chem ical characteristics 
of each cation. For exam ple, the Pb(H) cation is a transition m etal and the Sr(H) cation  is 
an alkali earth metal.
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Sorption of Pb(II) and Sr(II) on Clinoptilolite
B atch equilibrium  sorption experim ents with Pb(II) and Sr(H) were conducted 
using the clinop tilo lite  obtained from Jordan Valley, Oregon. These additional batch 
equilibrium  sorption experiments w ere perform ed in order to investigate the sorption 
behavior o f  Pb(IT) and Sr(II) using the m ineralogically pure clinoptilolite. This was done 
in an a ttem pt to test the hypothesis that the clinoptilolite contained within the zeolitized 
tuff is m ain ly  responsible for the sorption behavior o f the ions, so that extrapolations 
could be m ade regarding fractional uptake o f the ions by other zeolitized rocks assum ing 
that they contain  a  significant percentage o f similar zeolite m inerals. These additional 
batch equ ilib rium  sorption experim ents were also conducted as a  function o f  pH, ionic 
strength, so lid  adsorbent concentration, and total metal cation concentration. The 
fractional uptake o f  Pb(II) on the clinoptilolite will be discussed first follow ed by the 
fractional uptake o f  Sr(II) on the clinoptilolite. The final section o f  this chapter will 
investigate sim ilarities and differences between the sorption behavior o f  Pb(II) and Sr(II) 
as a function o f  adsorbent type, in o rder to determine w hether the zeolite mineral 
clinoptilo lite contained within the zeolitized tuff is controlling the sorption behavior of 
the cations.
Sorption B ehav ior o f  Pb(IT)
T he batch equilibrium  sorption experim ents perform ed as a function o f pH, ionic 
strength, so lid  adsorbent concentration, and total metal cation concentration o f interest 
have show n that, overall, the sorption o f  Pb(U) on the clinoptilolite is, at least 
qualitatively, the sam e as the sorption o f  Pb(II) on the zeolitized tuff. This observation 
has sign ificant im plications for the sorption o f Pb(II) on the zeolitized tuff, nam ely that
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the sorption o f Pb(II) is controlled by the same types o f b inding sites found in the pure 
m ineral clinoptilolite.
Ionic strength experiments were conducted at background electrolyte 
concentrations o f  0 .0 1, 0.1. and 1.0 M  NaNOg. A solid concentration o f 1 g/L 
clinoptilolite w as used because it is equivalent in terms o f the surface area to a solid  
concentration o f  3.0 g/L zeolitized tuff. These two solid adsorbent concentrations will be 
used later in the chapter to illustrate sim ilarities and differences in the sorption behavior 
o f the cations as a function o f adsorbent type. Overall, the data show that the fractional 
uptake o f Pb(II) increases as the ionic strength decreases for the two lowest background 
electrolyte concentrations. For exam ple. Figure 36 shows the fractional uptake o f  1 .Ox 10' 
 ^M Pb(U) on 1 g/L  clinoptilolite as a function of ionic strength. It can be clearly seen 
from the figure that the fractional uptake o f Pb(If) on the clinoptilolite is approxim ately 
95%  for the 0.1 M  NaNOs concentration, and increases to essentially  100% for the 0.01 
M N aN O : concentration. In addition, it can be seen that at these ionic strengths the 
fractional uptake o f Pb(II) is independent o f the pH. The fractional uptake of Pb(IT) on 
the clinoptilolite at a 1.0 M NaNO: background electrolyte concentration, however, varies 
from approxim ately 20% at low pH values to fractional uptake o f approximately 100% at 
pH values above 8.5. This type o f sorption behavior can again be seen in Figure 37 
show ing experim ents at a lower m etal cation concentration than the previous diagram .
The fractional uptake o f Pb(H) on the clinoptilolite at the 1.0 M NaNO: concentration 
exhibits pH -dependent sorption behavior, and varies from approxim ately 25% at low pH 
values to 100% at pH  values above approxim ately 8.5 or so. The fractional uptake o f 
Pb(II) at the 0.1 M  NaNO] background electrolyte concentration, however, is
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approxim ately 95%  for all pH  values investigated. This type o f  sorption behavior as a 
function o f ionic strength appears to be sim ilar to the behavior found w ith the zeolitized 
tuff, and can be similarly explained.
To illustrate any sim ilarity in the sorption behavior o f Pb(II) as a function o f  the 
solid concentration, batch equilibrium  sorption experiments w ere perform ed at I g/L and 
20 g/L solid  concentrations. The results from  these experim ents indicate that, again, the 
fractional uptake o f Pb(II) increases as the solid concentration o f  the adsorbent increases. 
This type o f  sorption behavior is consistent with the all o f the previous sorption 
experim ents performed during this research, and can be sim ilarly explained. Figure 38 
shows the fractional uptake o f  l.Ox 10'^ M  Pb(II) in 1.0 M NaNO? as a function o f  the
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Figure 38. Sorption o f I .Ox 10' M Pb(II) in 0.01 M NaNO: as a  function o f clinoptilolite 
concentration.
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clinoptilolite concentration. T he I g/L so lid  adsorbent concentration has a fractional 
uptake o f  20%  at low pH  values that increases to approximately 100% at pH  values above 
approxim ately 8. The 20 g/L solid adsorbent concentration on the other hand has a 
fractional uptake of approxim ately 60% at low pH values that increases to greater than 
95% at approxim ately a pH o f  6.5.
Sorption behavior o f this type can be seen again in Figure 39, show ing the 
fractional uptake of I .Ox 10"* M  Pb(II) in 0.1 M NaNO? as a  function o f the clinoptilo lite  
concentration. This figure reveals that at the I g/L clinoptilolite concentration results in a 
fractional uptake of approxim ately 90% Pb(II) for all pH values investigated, and  that the 
20 g/L clinoptilolite concentration results in a  fractional uptake o f  100% Pb(H). These
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Figure 39. Sorption o f 1.0x10 M Pb(H) in 0.1 M NaNO] as a function o f clinoptilo lite  
concentration.
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two figures as a function o f  solid concentration serve to illustrate, once again, that the 
fractional uptake o f Pb(H) is solid-concentration dependent, but qualitatively different 
depending on the ionic strength. Both figures show, however, that as the solid 
concentration increases, the fractional uptake o f Pb(II) on the clinoptilolite also increases.
In order to investigate the partitioning behavior o f Pb(II) on the clinoptilolite as a 
function o f the Pb(II) cation concentration, batch equilibrium  sorption experim ents were 
conducted at numerous Pb(II) concentrations. Overall, the results show  that the sorption 
o f  Pb(II) on the clinoptilolite as a function of Pb(H) concentration is sim ilar to the 
experim ents with the zeolitized tuff, namely that the fractional uptake o f  Pb(H) on the 
clinoptilolite increases as the Pb(II) concentration decreases. This type o f behavior can 
be seen in Figure 40. It show s the fractional uptake o f  Pb(II) on 20 g/L clinoptilolite in
1.0 M N aN O : as a function o f cation concentration. The figure reveals that the fractional 
uptake o f Pb(H) increases as the metal cation concentration decreases from  1.0x10"* M  to 
1.0x10'^ M. Additionally, it can be seen in the figure that the fractional uptake o f Pb(U) 
on the clinoptilolite is dependent on the pH for this particular ionic strength.
Sorption behavior that is also metal-concentration dependent, but qualitatively 
different because o f the ionic strength can be seen in Figure 41. This figure shows the 
fractional uptake o f Pb(II) on 1 g/L clinoptilolite in 0.1 M NaNO: as a function o f the 
Pb(II) concentration. This figure also shows that the fractional uptake o f  Pb(II) increases 
as the Pb(H) concentration decreases. For example, the 1.0x10“* M Pb(II) concentration 
results in a fractional uptake on the clinoptilolite o f approxim ately 90%  for all pH values 
investigated, and the 1.0x10'^ M Pb(II) concentration results in the fractional uptake o f 
approxim ately 95%  Pb(H) from solution. Lastly, the lowest metal cation concentration o f
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l.Ox 10"  ^M Pb(H) results in the greatest fractional uptake o f approxim ately 98% .
A lthough the differences betw een the fractional uptakes are sm all, the figure show s that 
as the Pb(n) concentration decreases the fractional uptake o f  Pb(EI) on the clinoptilo lite 
increases. This type o f  behavior is sim ilar to the behavior found w ith the zeo litized  tuff, 
and can be similarly explained.
Sorption Behavior o f Sr(ID
The batch equilibrium  sorption experim ents perform ed as a function o f  pH , ionic 
strength, solid adsorbent concentration, and total metal cation concentration have shown 
that, overall, the sorption o f Sr(IT) on the clinoptilolite is also, at least qualitatively, the 
sam e as the sorption o f  Sr(II) on the zeolitized tuff. This behavior w ould tend to indicate 
that the fractional uptake o f Sr(II) on the zeolitized tuff is also controlled by the sam e 
types o f  binding sites present in the clinoptilolite.
In order to investigate the equilibrium  sorption behavior o f  Sr(H) as a  function of 
ionic strength, batch equilibrium  sorption experim ents were perform ed at ionic strengths 
o f 0.01, and 0.1 M NaNO]. Previous investigations of the ionic strength dependence of 
Sr(II) with the zeolitized tuff revealed that no fractional uptake o f  Sr(H) could be 
observed at the 1.0 M N aN O: concentration. Therefore, only one experim ent was 
perform ed with Sr(EI) at the 1.0 M  N aN O : concentration with the clinoptilolite, and the 
results o f  that experim ent were identical to the experiments using the zeolitized tuff. The 
fractional uptake of Sr(II) on the clinoptilolite at the 1.0 M NaNOs concentration is 
negligible. Therefore, batch equilibrium  sorption experiments perform ed as a function of 
the ionic strength with the clinoptilolite were only performed at background electrolyte 
concentrations o f 0.1 and 0.01 M  N aN O :.
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T he batch equilibrium  experim ents confirm ed that the fractional uptake o f  SrdD  
on the clinoptilolite increases, once again, as the background electrolyte decreases for the 
sam e reasons stated earlier in the d iscussion with the zeolitized tuff. This can be seen in 
Figure 42  showing the factional uptake o f 1.0x10"* and l.OxlO'^ M Sr(E[) on 1 g/L 
clinoptilo lite  as a function o f the ionic strength. It can be seen from the figure that at the 
0.1 M  N aN O : concentrations, the fractional uptake o f SrdI) is approxim ately 25%  for the 
1.0x10"* M Sr(ID and approxim ately 35%  for the 1.0x10'^ M Sr(EI) regardless o f pH. 
Furtherm ore, as the background electrolyte concentration decreases to 0.01 M NaNO?, the 
fractional uptake o f Sr(II) on the clinoptilolite increases to approxim ately 80%  for the 
1.0x10"* M  Sr(ID concentration and approxim ately 90% for the l.OxlO'^ M  Sr(ID
o
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Figure 42. Sorption o f  I.Ox 10 M and 1.0x10" M  Sr(H) on 1.0 g/L clinoptilo lite  as a 
function o f  ionic strength.
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concentration regardless o f pH.
Batch equilibrium  sorption experim ents were also perform ed as a function of the 
c linoptilo lite  concentration. Experim ents were perform ed at solid  concentrations of 1.0 
and 20.0  g/L. The experiments indicate that, as was found with the zeolitized tuff, 
increasing solid concentrations result in an increase in the fractional uptake o f  Sr(II) on 
the clinoptilo lite  for the reasons explained earlier. Figure 43 illustrates the fractional 
uptake o f  I.Ox 10"* M Sr(IT) in 0.1 M N aN O : as a function o f clinoptilolite concentration. 
The figure shows the fractional uptake o f approxim ately 25% for the 1.0 g/L  solid 
adsorbent concentration for all pH values investigated, and a fractional uptake o f 
approxim ately 75% for the 20 g/L solid adsorbent concentration for all pH values
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investigated. It is apparent from the figure that at this background electrolyte 
concentration the fractional uptake o f Sr(IT) on the clinoptilolite is pH-independent. and 
that an increase in the solid adsorbent concentration results in an increase in the fractional 
uptake o f  Sr(II)-
The last geochem ical param eter investigated using the clinoptilolite and the Sr(II) 
cation was concerned with changes in the overall Sr(If) concentration. Not surprisingly, 
the experim ents indicate that the fractional uptake o f Sr(H) increases as the Sr(H) 
concentration decreases. This behavior can be seen in Figure 44, showing the fractional 
uptake o f  Sr(H) on 1.0 g/L clinoptilolite in G.I M NaNO^. The figure clearly shows that 
the 1.0x10“* M Sr(H) concentration results in a fractional uptake o f approxim ately 25% ,
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Figure 44. Sorption o f  Sr(II) on 1.0 g/L clinoptilolite in 0.1 M  NaNOg as a function o f 
Sr(n) concentration.
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while the l.Ox 10'^ M  Sr(II) concentration results in a fractional uptake o f  approxim ately 
35%. This behavior is again expected since a decrease in the Sr(II) cation concentration 
results in an increase in the num ber o f available binding sites for the cations rem aining in 
solution.
A Com parison o f  the Sorption B ehavior o f PbdD and S rdD  on the C linoptilolite
Com paring the equilibrium  sorption behavior o f  Pb(ID and Sr(ID on the 
clinoptilolite reveals behavior that is, qualitatively, sim ilar to the behavior observed with 
the zeolitized tu ff from the N TS. For exam ple, the fractional uptake o f  Pb(ID  is always 
greater than the fractional up take o f Sr(ID on the clinoptilo lite  for all o f  the  experim ents 
in which the conditions for the two cations were identical. This indicates that Pb(ID has a 
greater affinity for the clinoptilo lite  than Sr(ID- An exam ple o f this type o f  sorption 
behavior can be seen in F igure 45 show ing the fractional uptake of 1.0x10“* M PbtlT) and 
Sr(ID on 1.0 g/L clinoptilo lite  in 0.1 M NaNO]. The figure clearly shows tha t the Pb(ET) 
cation has a fractional uptake o f  approxim ately 90% , and that the Sr(EI) cation  has a 
fractional uptake o f approxim ately  25% for all pH values investigated. T he figure also 
reveals that at a background electrolyte concentration o f  0.1 M  NaNO^, both  cations show 
pH -independent sorption behavior.
A com parison o f  the equilibrium  sorption behavior o f  the two cations at identical 
conditions also revealed that the tw o cations behave sim ilarly  to changes in the 
geochemical param eters investigated. For exam ple, the experim ents show ed that 
fractional uptake o f both cations on the clinoptilolite increased as the background 
electrolyte decreased. In addition , the experim ents show ed that fractional uptake o f both 
cations on the clinoptilolite increased as the clinoptilolite concentration increases. Lastly,
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Figure 45. Comparison o f  the sorption behavior of 1.0x10“* M  Pb(H) and Sr(II) on 1.0 
g/L clinoptilolite in 0.1 M  N aN O ].
the fractional uptake o f  both cations on the clinoptilolite increased as the total metal 
cation concentration decreased.
The sorption behavior o f  the two cations differ, how ever, w hen the background 
electrolyte concentration increases to 1.0 M NaNO}. At that high o f  an ionic strength, the 
fractional uptake o f Sr(II) on the clinoptilolite is negligible. T he fractional uptake o f 
Pb(II), however, becom es controlled  by the pH  o f the solution. This pH-dependent 
sorption behavior o f the Pb(II) cation at the 1.0 M NaNO: concentration suggests even 
though Pb(II) is excluded from  the intem al cation-exchange sites o f the zeolitized tuff, it 
still binds to the extem al am photeric surface sites of the adsorbent o r it forms surface 
precipitates.
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Comparison of Pb(II) and Sr(II) Sorption as a Function of Adsorbent Type
The reason to perform  the additional batch equilibrium  sorption experim ents with 
the clinoptilolite was to com pare a sim ple case (m ineralogically pure clinoptilolite) and a 
com plex case (naturally occurring zeolitized tuff). A com parison o f  the sorption behavior 
o f  the tw o cations on both adsorbents is im portant to understanding the overall sorption 
behavior o f the cations on the zeolitized tuff. For exam ple, if  the partitioning behavior of 
the cations is found to be the same for both adsorbents then one w ould expect that m ost 
o f  the fractional uptake o f the cations is being controlled by the clinoptilolite or by an 
analogous mineral or suite o f m inerals. If the fractional uptake o f the cations is no t the 
sam e, however, then one could conclude that some other m ineralogical phase is at least 
partly responsible for the fractional uptake o f the cations. For com parisons o f the 
sorption behavior o f the cations as a  function o f the adsorbent type to be m eaningful, it 
m ust be remembered that the surface area o f the clinoptilolite is approxim ately 3 times 
greater than the surface area o f the zeolitized tuff (see C hapter 3). The solid 
concentrations o f the adsorbents, therefore, were normalized with respect to the overall 
surface area. For exam ple, batch equilibrium  sorption experim ents performed w ith the 
zeolitized tuff were conducted at solid concentrations o f  3.0 g/L, and the experim ents 
w ith the clinoptilolite were conducted at solid concentrations 1.0 g/L.
PbdD  Sorption as a Function of A dsorbent Tvpe
Figure 46 shows the fractional uptake o f 1.0x10'^ M Pb(H) on both adsorbents in
1.0 M N aN O :. As can be seen from  the figure, the fractional uptake o f PbdD on both 
adsorbents is pH -dependent for experim ents performed at this background electrolyte 
concentration o f  1.0 M  NaNOs. The qualitatively sim ilar fractional uptake suggests that
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Figure 46. Sorption of 1.0x10'^ M Pb(IT) in 1.0 M  N aN O : as a function o f  adsorbent 
type.
the sam e sorts o f  mechanisms m ust be controlling the sorption behavior o f  Pb(II) in both 
m aterials. T he fractional uptake o f  Pb(II) on both adsorbents varies as a function o f pH 
from approxim ately  25% at a pH  o f 3 to a fractional uptake of approxim ately 100% at pH 
values above approxim ately 8.5. It should be noted, however, that the tw o fractional 
uptake curves, w hile qualitatively sim ilar, are not identical. For exam ple, the zeolitized 
tuff results in the greater fractional uptake than the clinoptilolite at low pH , while the 
clinoptilolite results in the greater fractional uptake at high pH. From previous 
discussions concem ing the sorption o f Pb(II) at background electrolyte concentrations o f
1.0 M  N aN O s, it is assumed that the fractional uptake o f  Pb(II) on both adsorbents is 
controlled by the formation o f inner-sphere coordination com plexes on pH  dependent 
surface sites, o r by the formation o f  surface precipitates which are also pH -dependent.
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A nother com parison o f  the fractional uptake o f Pb(ll) as a function o f  adsorbent 
type behavior can be seen  in Figure 47. This figure shows the fractional uptake o f 
1.0x10'^ M  Pb(II) in 0.1 M  NaNOs as a function o f adsorbent type. The figure show s 
that, once again, the fractional uptake o f Pb(II) on both adsorbents is qualitatively sim ilar, 
how ever, in this figure it is easily seen that the fractional uptake o f Pb(II) on the 
c linop tilo lite  is lower than  on the zeolitized tuff. The fractional uptake o f  Pb(IT) in this 
figure varies from approxim ately 90 to 95%  for all pH values investigated depending on 
the adsorbent type. It m ust be rem em bered that for ionic strengths less than 1.0 M 
N aN O : the fractional uptake o f Pb(II) is assum ed to be controlled by cation-exchange 
sites. Both o f  these adsorbents have extrem ely large cation-exchange capacities, and the
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F igure 47. Sorption o f  1.0x10“* M Pb(H) in 0.1 M NaNO: as a function o f  adsorbent 
type.
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alm ost com plete rem oval of the Pb(II) cation from solution would be expected  if  the solid 
concentration o f  the adsorbents is large enough, w hich appears to be the case. The fact 
that the clinoptilolite results in a little less fractional uptake than the zeolitized  tuff can 
likely be explained because the adsorbents were norm alized with respect to the surface 
area and not the cation-exchange capacity. N orm alization o f  the surface area o f  both 
adsorbents w ould not necessarily result in the sam e num ber o f internal cation-exchange 
sites. The 3 g/L zeolitized tuff concentration w ould actually have more cation-exchange 
sites than the 1 g/L clinoptilolite concentration (Table 7). Consequently, the zeolitized 
tu ff has a som ew hat greater fractional uptake of Pb(II) than the clinoptilolite for the solid 
concentrations that were used.
It appears from  the com parisons o f the sorption behavior o f Pb(IT) as a function of 
adsorbent type that the following conclusions can be made as to the m ineral phase or 
phases responsible for the sorption o f  Pb(II) on the zeolitized tuff. For exam ple, it can be 
concluded that the clinoptilolite present in the zeolitized tuff from R ainier M esa is in fact 
responsible for m ost, if not all, o f  the removal o f the Pb(II) cation from solution at the 
low er background electrolyte concentrations investigated. This conclusion can be 
reached because the fractional uptake o f Pb(U) on both adsorbents is alm ost quantitatively 
the same in Figure 47. A t the low er background electrolyte concentrations, there would 
be less com petition for the internal cation-exchange sites o f either adsorbent. The result 
w ould be that the Pb(II) cation w ould not be forced into binding to either adsorbent in 
som e other m anner. Most, if not all, o f  the cations in solution could be com pletely 
rem oved by cation exchange at this low er background electrolyte concentration. This 
type of sorption behavior would be indicated by the pH -independent fractional uptake of
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Pb(H), which w as seen at the two low er background electrolyte concentrations. It m ust be 
rem em bered that the high cation-exchange capacity o f the zeolitized tuff is attributed  to 
the presence o f  the zeolite clinoptilolite. Consequently, the sim ilar quantitative removal 
of Pb(II) on both adsorbents suggests that the fractional uptake o f Pb(ED on the  zeolitized 
tu ff is controlled by the clinoptilolite present in the zeolitized tuff.
It is som ew hat surprising to note, however, that the fractional uptake o f  Pb(ID on 
both adsorbents is so sim ilar for the highest background electrolyte concentration 
investigated. In those situations in w hich the Pb(H) cation w ould be forced into binding 
on pH -dependent surface sites, the fractional uptake o f Pb(II) is likely not con tro lled  by 
the zeolite m ineral phases. As a result, one would expect the fractional uptake o f Pb(IT) 
on both adsorbents to be somewhat d issim ilar for identical geochemical conditions 
because the fractional uptake would be likely to be controlled by other constituent 
minerals present in volcanic tuff. The sim ilarity in the fractional uptakes o f Pb(II) on 
both adsorbents at the highest background electrolyte concentration, how ever, can most 
likely be attributed to either surface precipitation of Pb(H), or the similar alum inol site 
(AI2O3) concentrations o f both adsorbents. For example, if the surface sites responsible 
for the fractional uptake o f  Pb(II) can be attributed to alum inol groups, then the fractional 
uptake o f Pb(II) on both adsorbents w ould be similar due to the sim ilar AI2O3 
concentrations o f  both adsorbents. It cannot be conclusively determined, how ever, that 
the clinoptilolite contained within the zeolitized tuff is solely responsible for the AI2O3 
concentration o f  the zeolitized tuff. The only conclusion that can be drawn a t the highest 
background electrolyte concentration is that the same sorts of sorption processes are 
responsible for the uptake of Pb(II) because o f the sim ilar qualitative fractional uptake
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behavior. It cannot be determ ined, however, w hether the sorption process is precipitation 
or surface com plexation.
Sr(ID Sorption as a  Function o f Adsorbent Tvpe
The sorption behavior o f Sr(II) as a function o f the adsorbent type w as also 
investigated. B atch equilibrium  sorption experim ents w ere again conducted a t solid 
concentrations o f  3.0 g/L zeolitized tuff and 1.0 g/L clinoptilolite. Inspection o f Figure 
48 reveals the affin ity  o f  the Sr(II) cation for both adsorbents. The figure show s the 
fractional uptake o f  1.0x10“* M Sr(H) on both adsorbents at background electrolyte 
concentrations o f  0.01 and 0.1 M NaNO]. As can be seen from  the figure at the 0.1 M 
NaNOs concentration, a 3.0 g/L zeolitized tuff concentration results in the fractional
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Figure 48. Sorption o f  1.0x10 M Sr(H) in 0.1 and 0.01 M  N aN O ; as a function o f 
adsorbent type.
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uptake o f  approxim ately 45%  o f the available Sr(ID in solution. A 1.0 g/L clinoptilo lite  
concentration at the 0.1 M  NaNOs concentration, however, results in the fractional uptake 
o f  approxim ately 25% o f the available Sr(IT). It can also be seen that the clinoptilo lite  
adsorbent results in, once again, the least am ount o f  cation sorption. This type o f  sorption 
behavior can be seen again in Figure 48 at the low er background electrolyte concentration 
o f  0.01 M  NaNO]. The 3 g/L  zeolitized tuff concentration results in the fractional uptake 
o f  approxim ately 90%, and the 1 g/L clinoptilolite concentration results in the fractional 
uptake o f  approxim ately 80-85% . The differences between the two fractional uptakes at 
this low er background electrolyte concentration are not as pronounced as at the 0.1 M 
NaN Os concentration because the fractional uptakes are approaching 100%, but it can 
still be seen that the clinoptilo lite results in the least am ount o f fractional uptake.
These com parisons o f  the sorption behavior o f  Sr([T) as a function o f the 
adsorbent type were made so that a  determination could  be made as to the m ineral phase 
o r phases responsible for the fractional uptake of Sr(H) on the zeolitized tuff. O verall, the 
com parisons reveal that the fractional uptake o f Sr(EI) on the zeolitized tuff is also 
contro lled  by the zeolite m ineral clinoptilolite contained within the altered vitric tuffs. 
This can be concluded because the fractional uptake o f  Sr(IT) on both adsorbents is 
qualitatively the same (F igure 48). In addition, the fractional uptake of Sr(H) on both 
adsorbents was shown to be controlled by cation-exchange, and the cation-exchange 
capacity  o f  the zeolitized tu ff  is due to the presence o f  the zeolite mineral. The behav ior 
o f  clinoptilolite resulting in the least fractional uptake can be explained because the 
adsorbents were norm alized with respect to the surface area and not the cation-exchange 
capacity. Norm alization o f  the surface area o f the adsorbents would result in roughly  the
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same num ber of available surface sites, but not necessarily internal cation-exchange sites, 
as explained with the Pb(II) cation. It can be easily postulated, however, that if the 
adsorbent concentrations were normalized with respect to the cation-exchange capacity  
and not the surface area, the clinoptilolite would most likely have a greater capacity to 
bind Sr(II) than the zeolitized tuff because of its larger cation-exchange capacity. 
Conclusions
Experim ents w ith the clinoptilolite were performed so that a comparison o f  the 
sorption behavior o f the cations as a function o f adsorbent type could be made. These 
com parisons revealed that the zeolite mineral clinoptilolite contained within the 
zeolitized tuff is m ainly responsible for the fractional uptake o f both cations, at least for 
the low background electrolyte concentrations. This can be concluded because o f  the 
sim ilar qualitative fractional uptakes of both cations. This conclusion suggests that the 
partitioning param eters calculated describing the affinity o f the cations for the zeolitized 
tuff from  Rainer M esa could be potentially extrapolated to o ther zeolitized rocks at the 
NTS. Zeolitized rocks at the NTS cover several thousand square miles, and underlie m ost 
o f the volcanic form ations and alluvial basins in the area. It w ould be impossible to 
perform  batch equilibrium  sorption experiments for all o f the different zeolitized rocks.
If a good estim ation o f  the percentage o f clinoptilolite contained within a particular 
sample can be made, how ever, then the partitioning param eters calculated for the 
zeolitized tuff from R ainier M esa would be m ore relevant to the new sample (at least by 
an order o f m agnitude), assum ing that the sam ple had a significant percentage o f the 
zeolite mineral clinoptilolite.
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CHAPTER 5
SORPTION O F C r04- AND SeO]" O N  ZEOLITIZED TU FF AND 
CLINOPTILOLITE: EQUILIBRIUM  EXPERIM ENTS, SORPTION 
PA RAM ETER ESTIM ATION, A ND SPECIATION
The transport o f potentially harmful anions in the subsurface environm ent can 
pose a serious health risk to humans. As a result, batch equilibrium  sorption experim ents 
with CrO j"' and S eO ]'' w ere conducted in order to determine w hether these anions w ould 
be retarded in the subsurface environm ent by interactions with the zeolitized tuff or 
clinoptilolite, which have large cation-exchange capacities. These particular anions w ere 
selected for study because o f their potentially harm ful effects to hum ans (Chapter 1), and 
because the C r0 4 "' anion can occur in the subsurface environm ent at the NTS. 
Specifically, batch equilibrium  sorption experim ents were conducted with SeOs"', w hich 
is known to be a strongly binding anion on hydrous oxide surfaces, and Cr0 4 ~', w hich is 
assum ed to be a weakly binding anion (Hayes et al., 1988). As stated in Chapter 4, it has 
been docum ented by other studies that in natural systems the fractional uptake o f cations 
and anions by oxides and other minerals in the subsurface environm ent can be pH 
dependent, and influenced by ionic strength effects depending on the nature of the anion 
o r cation (Hayes and Leckie, 1987; Hayes et. al., 1988). In addition, the total
112
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concentration o f the ion o f interest and the total solid  concentration o f  the mineral phase 
in natural aqueous systems determ ine the ratio o f  sorbate ions to the total num ber of 
sorbent sites, thereby affecting the relative fractional uptake o f  the ions. Therefore, in 
order to determ ine the sorption behavior of C r0 4 ~’ and SeO?" , batch equilibrium  sorption 
experim ents were conducted using both adsorbents, again, as a  function o f  pH, ionic 
strength, solid adsorbent concentration, and to tal anion concentration. It is worth 
repeating, how ever, that both adsorbents have large cation-exchange-capacities and not 
anion-exchange-capacities, therefore, substantially higher so lid  adsorbent concentrations 
were required for any m eaningful fractional uptake o f  the anions. Prelim inary batch 
equilibrium  sorption experim ents revealed that a zeolitized tu ff  concentration of at least 
100 g/L was required to produce any m eaningful fractional uptake o f  Cr0 4 ‘‘.
This chapter is also divided into three sections. The first section contains the 
results o f the batch equilibrium  sorption experim ents perform ed w ith the zeolitized tuff, 
the sorption param eter estim ations, and the spéciation calculations for each anion. The 
second section o f this chapter discusses the experim ents perform ed with the anions o f  
interest and the clinoptilolite, and the final section o f the chap ter contains a com parison 
o f the sorption behavior o f the two anions as a  function o f adsorbent type .
Sorption of Cr0 4 *' and SeOs^' on Zeolitized Tuff
Sorption B ehavior o f C r04~
The batch equilibrium  sorption experim ents revealed that, overall, the Cr0 4 “ 
anion has little or no affinity for the zeolitized tu ff from R ain ier M esa. These findings 
have significant im plications for the transport o f  Cr0 4 ~' in the subsurface environm ent at
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the NTS, nam ely that Cr0 4 "' w ould not be retarded significantly w ith  respect to 
groundw ater flow  due to sorption on zeolitized tuff. The lack o f affin ity  for the zeolitized 
tuff can be explained because m ost zeolites, like sm ectite clays, possess a net negative 
structural charge resulting from isom orphic substitution o f cations in the crystal lattice 
(Haggerty and Bow m an, 1994). It is this isom orphic substitution that im parts such a high 
cation-exchange capacity to zeolites, but due to the overall negative charge, natural 
zeolites have little or no affinity for anionic species. The experim ents also showed that 
the fractional uptake o f  Cr0 4 "' is a m irror im age o f  the fractional uptake o f Pb(IT) at a 
background electrolyte concentration o f 1.0 M  NaNO?. Specifically, experim ents showed 
that the factional uptake of Cr0 4 "' is favored at low pH values and decreases with 
increasing pH. The fractional uptake o f Cr0 4 "' can be thought o f as essentially  a 
com petition w ith OH anions for sorption sites, so the fractional up take o f  C r0 4 “ is a 
m irror image o f  cation sorption on external pH -dependent surface sites. For example, 
sorption of anions decreases from 100% at low pH values to essentially  zero at high pH 
values. The sorption o f  anions, however, is often com plicated by a change in spéciation 
o f the solute as a  function of the pH (Drever, 1997), which is later seen with the Cr0 4 " 
anion and the clinoptilolite adsorbent.
In order to  investigate the ionic strength dependence o f C r0 4 ~’, batch equilibrium  
sorption experim ents were perform ed at background electrolyte concentrations o f 0.01,
0 .1, and 1.0 M N aN O ]. Figure 49 shows the fractional uptake o f 5.0x10'^ M Cr0 4 "‘ on 
100 g/L zeolitized tu ff as a function of ionic strength. From the figure, it can be seen that 
a decrease in the background electrolyte concentration results in an increase in the 
fractional uptake o f C r0 4 '  on the zeolitized tuff. This type o f sorption behavior where
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Figure 49. Sorption o f 5.0x10'^ M Cr0 4 "’ on 100 g/L zeolitized tuff as a function o f  ionic 
strength.
the fractional uptake o f the anion increases as the background electrolyte concentration 
decreases is identical to the sorption behavior that was found with cation sorption 
discussed in C hapter 4. Increases in the fractional uptake o f Cr0 4 '  as the background 
electrolyte concentration decreases can be attributed to the decreasing am ounts o f  the 
NO] anions in solution, however, and not because o f decreases in the Na'*’ cation 
concentration. D ecreasing background electrolyte concentrations decrease the am ount of 
NO] anions in solution, which would com pete with Cr0 4 '  for surface sites. In addition, 
it can be seen from the figure that the fractional uptake o f Cr0 4 “' is, qualitatively, a mirror 
image to the fractional uptake o f Pb(II) at a background electrolyte concentration o f 1.0 
M NaNO]. For exam ple, it can be seen in the figure that the 0.1 M N aN O ] background
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electrolyte concentration results in the fractional uptake o f approxim ately 20% at a pH  of 
4 that decreases to approxim ately 0% at a pH 5.5, w hereas the 0.01 M NaNO] 
background electrolyte concentration results in the greatest fraction uptake o f 
approxim ately 40%  at a pH o f 4.5 that decreases to approxim ately 0%  at a pH o f  5.5. The 
fractional uptake o f  Pb(II), however, increased to 100% as a function o f increasing pH. 
The ionic strength dependence shown in the figure also suggests that the C rO ^' anion is 
form ing, at best, outer-sphere com plexes with pH -dependent surface sites. It m ust be 
rem em bered, how ever, that m acroscopic sorption experim ents alone cannot be used 
distinguish betw een inner and outer-sphere com plexes.
Batch equilibrium  sorption experiments w ere also performed at a num ber o f  solid 
adsorbent concentrations to illustrate the fractional uptake of CrO^" as a function o f  solid 
concentration. N ot all o f the solid adsorbent concentrations investigated, however, 
resulted in significant fractional uptake of C r0 4 “'. For example, a num ber o f experim ents 
were perform ed at a solid adsorbent concentration o f  20 g/L with various anion 
concentrations and ionic strengths, but none o f these experiments produced any 
m eaningful fractional uptake o f the Cr0 4 “’ anion. In fact, the zeolitized tuff concentration 
had to be increased to 100 g/L before any noticeable fractional uptake was obtained. 
Therefore, one can conclude that as the solid concentration of the zeolitized tu ff 
increases, the fractional uptake o f Cr0 4 ~‘ also increases, as expected.
In order to illustrate the sorption behavior o f  C r0 4 "' as a function of the C r0 4 “ 
concentration, batch equilibrium  sorption experim ents were perform ed at Cr0 4 ”' 
concentrations o f 1.0x10'^ M, 1.0x10^, and 5 .0x10’’ M. Figure 50 illustrates the sorption 
behavior o f C r0 4 ’’ on 100 g/L zeolitized tuff in 1.0 M  NaNO] as a function o f the C r0 4 '
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Figure 50. Sorption o f CrO^’ on 100 g/L zeolitized tu ff in 1.0 M N aN O ] as a function o f 
C rO ^' concentration.
concentration. As one w ould expect from the experim ents with the cations in this study, 
decreases in the overall C r0 4 “ concentration should result in an increase in the fractional 
uptake o f C r0 4 ~', and that is exactly  w hat is observed w ith the Cr0 4 “" anion. Inspection 
o f the figure show s that the 1.0x10'^ M Cr0 4 '  concentration results in essentially 
negligible uptake at all pH values, w hereas the 1.0x10'^ M Cr0 4 "' concentration results in 
the fractional uptake o f approxim ately 25% at a pH o f 4.5 that decreases to approxim ately 
0%  around pH  o f approxim ately 6.0. This behavior can be explained, once again, 
because as the Cr0 4 ’ concentration decreases there are proportionally  m ore binding sites 
available for the C r0 4 " anions rem aining in solution.
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CrQ4~ Sorption Param eter Estim ation
The fractional uptake data for C r0 4 ”’ were used to derive linear isotherm 
param eters. It m ust be rem em bered, however, that the C r0 4 "’ anion did not have a 
significant affinity for the zeolitized tu ff from R ainier M esa. Consequently, the 
distribution coefficients were calculated from a  single equilibrium  data point and 
presented for that particular pH value and ionic strength. The distribution coefficients 
(Kd) for the sorption o f Cr0 4 "’ on the zeolitized tu ff at all three ionic strengths are 
presented in Table 15. No correlation coefficients, r ',  could be calculated for the sorption 
o f Cr0 4 “‘ on the zeolitized tuff because the partitioning coefficients were based on only 
one equilibrium  data point. In addition, no distribution coefficients could be calculated at 
any pH higher than approxim ately 7.0 because the fractional uptake o f Cr0 4 "' decreased 
to 0%.
It can be seen from the data in the table that the distribution coefficients for Cr0 4 "’ 
at each ionic strength decrease as the pH increases, as expected. This can be explained 
because the fractional uptake o f Cr0 4 “ on the zeolitized tuff decreased as the pH 
increased. For exam ple, the distribution coefficients vary from 3.22x10'^ to 6.24x 10'** 
m^/g as the pH increases for the 1.0 M NaNO] concentration. In addition, it can be seen 
in the table that the distribution coefficients for approxim ately the sam e pH  increase as 
the ionic strength decreases, which is also expected. For example, the 1.0 M NaNO] 
concentration has a distribution coefficient o f 6 .69x10’’ m^/g at a pH o f 5.64, but the 0.01 
M NaNO] concentration has a distribution coefficient o f  6.83x10’’ mVg at a pH 5.62. In 
addition, the 0.1 M NaNO] concentration has a distribution coefficient o f  4.7x10’’ mVg at 
a pH  o f 5.12, but the 0.01 M N aN O ] concentration has a distribution coefficient o f
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Table 15. Distribution coefficients (K j) for CrO^" in 1.0, 0.1, and 0.01 M N aN O ] for
different pH values.
Ionic Strength 
(M)
pH Kd
(m 7g)
1.0 4.68 3.22x10"^
1.0 5.64 6 .6 9 x 1 0 ’
1.0 7.33 6.24x10*
0.1 3.93 2.60x10'^
0.1 4.50 2.08x10"^
0.1 5.12 4 .7 0 x 1 0 ’
0.01 4.43 6.30x10'^
0.01 5.05 2.62x10'^
0.01 5.62 6 .8 3 x 1 0 ’
2.6x10'^ mVg at a pH of approxim ately 5.1. This type o f behavior is also expected 
because the ionic strength dependence experim ents showed that the fractional uptake of 
C r0 4 ~' increased for decreasing ionic strengths.
Chem ical Spéciation M odeling o f C r04~
The theoretical spéciation o f Cr0 4 “ in the groundw ater from  w ater well U-20, and 
in the batch equilibrium  reactors was also investigated in an attem pt to gain additional 
understanding o f the possible sorption processes that might be occurring. For exam ple, it 
m ight be possible, therm odynamically at least, to determ ine w hether precipitation or 
surface com plexation would be more likely at a particular pH  value. The geochem ical 
m odeling program M ineqF was used to investigate the spéciation o f  C r0 4 “' in both the
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groundw ater com position from w ater well U -20 at the NTS, and in a solution 
com position made to be representative o f the conditions found in the batch equ ilib rium  
reactors. In addition, the spéciation m odeling for CrOa"' was done in such a way as to 
exclude C O 2 (g) from  the calculations, which effectively removes the possibility  o f  
equilibration o f Cr0 4 "‘ with the atm osphere. The theoretical chemical spéciation o f  
C r0 4 " in both solution com positions was investigated at the lowest and highest anion 
concentrations used for the batch equilibrium  sorption experiments, and for all th ree 
different background electrolyte concentrations. It m ust be remembered, how ever, that 
M ineqU calculations cannot account for changes in the activity coefficient at high 
background electrolyte concentrations. Therefore, only modeling results for the low est 
background electrolyte concentration in the batch equilibrium  reactors will be show n, 
which is relatively close to the actual ionic strength o f the groundwater from  w ater w ell 
U -20 at the NTS.
The theoretical spéciation o f 1.0x10“* M C r0 4 “ in the groundw ater com position  
from the NTS was the first scenario investigated. Inspection of Figure 51 reveals that 
H Cr0 4  and C r0 4 “ would be the predom inant Cr( VI) aqueous species for these particu lar 
groundw ater conditions. It can be seen from the figure that at pH values less than 6 .4  
H Cr0 4  would be the predom inate aqueous species, while the predom inate aqueous 
species would becom e Cr0 4 ~' at all pH values above 6.4. The figure also shows tha t there 
w ould be two other aqueous Cr0 4 ~' species present in the groundwater at the N TS. These 
o ther two aqueous species, how ever, are at least two orders o f magnitude low er in 
concentration than the predom inate aqueous species, and they do not really con tribu te 
m uch to the total C r0 4 ’’concentration. Inspection o f the figure also reveals that
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
121
HCrO
KCrO
NaCrO
Figure 51. Spéciation m odeling of 1.0x10“* M Cr0 4 "' in groundw ater from  w ell U -20 at 
the NTS.
therm odynam ically, at least, no precipitates o f CrOa"' w ould be likely to form  in the 
groundw ater at the NTS using the com position o f the groundw ater from w ater well U-20.
The theoretical chem ical spéciation o f CrO^" in the groundwater at the N TS was 
also investigated at the lowest anion concentration used during the batch equilibrium  
sorption experim ents. The distribution o f CrO^" species, however, at this S.Ox 10’’ M 
concentration is identical to the results obtained with the 1.0x10“* M Cr0 4 “’ concentration 
and, therefore, the corresponding diagram is not shown.
The spéciation o f  Cr0 4 “ in the batch equilibrium  sorption reactors was 
investigated at C r0 4 “ concentrations o f 1.0x10“* M and 5.0x10'^ M. In addition, 
m odeling was also perform ed at all three background electrolyte concentrations, but
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spéciation results will only be presented for the lowest background electrolyte 
concentration for the reasons stated earlier. Overall, the m odeling indicated that the 
distribution o f C r0 4 “' species in the batch equilibrium  sorption reactors is independent of 
anion concentration. Therefore, only one figure will be show n illustrating the spéciation 
o f CrO^" in the batch equilibrium  reactors. If one will recall, the batch equilibrium 
experim ents w ere perform ed with water that had a resistivity o f  at least 18.1 MQ-cm.
This resistivity indicates that the water was essentially pure. Therefore, the Cr0 4 " 
spéciation m odeling did not include other ions except for the background electrolyte. 
Figure 52 illustrates the theoretical spéciation o f l.OxlO '^M  C r0 4 "' in the batch 
equilibrium  reactors w ith a background electrolyte concentration o f  0.01 M NaNO?.
C r O r
-14
105 8 94 6 73
pH  ^
Figure 52. Spéciation m odeling o f 1.0x10”* M Cr0 4 "’ in 0.01 M NaNO? closed to the 
atm osphere.
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From the figure, it can be clearly seen that HCrO^ and Cr0 4 "' are again the predom inate 
aqueous species for this particular set o f geochemical conditions. The figure shows, like 
the m odeling conducted with the groundw ater com position from  the NTS, that HCr0 4  is 
the predom inate aqueous species at pH  values less than 6.4. It also shows that the Cr0 4 ~' 
anion becom es the predominate aqueous species as the pH exceeds 6.4. In addition, it 
can also be seen form the figure that there are no precipitates o f  Cr0 4 " in the batch 
equilibrium  sorption reactors either. It should be noted that the spéciation o f  1.0x10”* M 
Cr0 4 “‘ in the batch equilibrium  reactors is almost identical to the spéciation that was 
observed using the groundw ater com position from the NTS. Both groundw ater 
com positions resulted in HCr0 4 ” and C r0 4 ”' being the predom inate aqueous species for 
certain pH ranges, and both groundw ater com positions show ed that precipitates o f Cr0 4 ” 
are not likely to form at any of the anion concentrations that were investigated for this 
research.
In conclusion, the spéciation o f C r0 4 ” in the groundw ater from the NTS and in 
the batch equilibrium  reactors was investigated at num erous geochem ical conditions. 
Overall, the spéciation modeling show ed that, therm odynam ically at least, no precipitates 
of Cr0 4 " are likely to form in either groundwater com position. The spéciation modeling 
showed that only two aqueous species w ould be responsible for the entire total 
concentration o f  C r0 4 '  in both groundw ater com positions. This inform ation coupled 
with the know ledge that the Cr0 4 ” anion has little affinity for the zeolitized tu ff has 
significant im plications for the fate and transport o f C r0 4 ”' in the groundw ater at the 
NTS. For instance, the Cr0 4 " anion w ould be extrem ely m obile in the subsurface 
environm ent at the NTS. For exam ple, any Cr0 4 " contam ination in the groundw ater
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w ould m ost likely flow dow ngradient at the same rate as the groundwater.
Sorption Behavior o f SeO i—
Batch equilibrium  sorption experim ents were perform ed as a function o f  the 
geochem ical parameters o f interest including pH. ionic strength, total adsorbent 
concentration, and total anion concentration in order to investigate the sorption behavior 
o f  SeO?" on the zeolitized tuff. These experim ents were perform ed so that a com parison  
betw een the apparently weakly binding anion CrO^" , and the strongly binding anion 
SeO?" could be made. Overall, the experim ents indicate that the fractional uptake o f  
SeO?" is qualitatively sim ilar to the fractional uptake o f CrO^” . For exam ple, the 
fractional uptake of SeO?" is greatest at low pH values and decreases as the pH  increases. 
T his fractional uptake behavior is consistent with the fractional uptake behavior o f  CrO^” 
on the zeolitized tuff, and other studies o f anion sorption by hydrous oxide surfaces. The 
fractional uptake of SeO?"' can be thought o f as a com petition between the SeO?"' anion 
and the OH anion for any available surface sites. At low pH  values, the fractional uptake 
o f  SeO?"' is greatest because there are few OH anions present, but as the pH increases the 
fractional uptake of SeO?"' decreases because o f the increased am ounts of O H ' anions.
Batch equilibrium  sorption experim ents were perform ed at background electrolyte 
concentrations o f 0.01, 0.1, and 1.0 NaNO? in order to illustrate the sorption behav ior o f 
SeO?”' as a function o f ionic strength. Figure 53 illustrates the fractional uptake o f  
1.0x10'^ M SeO?"' on 100 g/L zeolitized tuff as a function o f  ionic strength. T he figure 
show s that there is no change in the fractional uptake o f SeO?" as a function o f ionic 
strength. It can be seen from the figure that each o f the ionic strengths investigated result 
in roughly the same 40%  fractional uptake o f SeO?" at a pH  o f  3.5 that decreases to a
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Figure 53. Sorption o f  1.0x10'^ M SeO?" on 100 g/L zeolitized tuff as a function o f  ionic
strength.
fractional uptake o f  approxim ately 10% at pH values around 7-10. This ionic strength 
independence is indicative o f strong binding and consistent with SeO?" form ing inner- 
sphere coordination com plexes with am photeric surface sites. These type o f  bonds are 
little affected by the presence o f the background electrolyte because the two d ifferen t 
anions would be binding to the available surface sites in two totally different ways. For 
exam ple, the NO? anion w ould be m ost likely form ing ion-pairs with oppositely  charged 
surface sites because it is the conjugate base o f  a  strong  acid, and as a result it has little 
tendency to chem ically  react with anything. The SeO?" anion would be likely form ing 
chem ical bonds w ith  pH -dependent surface hydroxyl sites because it is the con jugate  base 
o f  a  weak acid, and as a result it is more likely to form  chem ical bonds with pH -
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dependent surface sites. It must be remembered, how ever, that ionic strength 
independence is not a direct confirm ation for the form ation o f inner-sphere coordination 
com plexes. T he form ation o f inner-sphere coordination com plexes can only be verified 
by spectroscopic techniques. The formation o f SeO]" inner-sphere com plexes on 
transition alum inas and on geothite, however, has been docum ented by spectroscopic 
techniques (Papelis et ai. 1995a; Hayes et al., 1987). The ionic strength independence o f  
SeO ]' can be again seen in Figure 54, showing the fractional uptake o f 1.0x10'^ M S eO ]' 
on 100 g/L zeolitized  tuff. The fractional uptake o f  S eO ]' in this figure varies from 
approxim ately 70%  at a pH o f 4  to approxim ately 20%  at a pH from  7.5 to 10. 
Additionally, it can be seen from the figure that all three ionic strengths (1.0, 0.1, and
-a1)
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Figure 54. 
strength.
Sorption o f 1.0x10'^ M SeO ]' on 100 g/L  zeolitized tu ff as a function o f ionic
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0.01 M N aN O ]) result in essentially the same fractional uptake of S eO ]' even though 
there is scatter associated with the fractional uptake curves.
Batch equilibrium  sorption experiments using S eO ]' anions and the zeolitized 
tuff adsorbent were only perform ed at one solid adsorbent concentration. Therefore, no 
data are available to provide direct confirm ation that increasing zeolitized tuff 
concentrations result in an increase in the fractional uptake o f S e O ] '.
The last geochemical param eter investigated attem pted to determ ine the sorption 
behavior o f S e O ] ' on the zeolitized tu ff as a function o f  the SeO ]' concentration. 
Therefore, batch equilibrium sorption experiments w ere performed at S eO ]' 
concentrations o f  1.0x10"^, 1.0x10'^, and 1.0x10'^ M. O verall, the results show that the 
fractional uptake o f S eO ]' increases as the S eO ]'' concentration decreases, as expected. 
For exam ple. Figure 55 shows the sorption behavior o f  S eO ]' on 100 g/L in 1.0 M 
NaNO] as a function o f the S eO ]' concentration. It can be seen in the figure that a 
1 .Ox 10“* M S eO ]' concentration results in a fractional uptake of approxim ately 20% at a 
pH of 4 that decreases to approxim ately 0% at a pH o f  6.5. As the anion concentration 
decreases to 1.0x10^ M S e O ] ', it can be seen that the fractional uptake increases. For 
exam ple, the 1.0x10'^ M SeO ]' concentration results in a fractional uptake o f 
approxim ately 35%  at a pH o f 4 that decreases to a fractional uptake o f approxim ately 0% 
at a pH o f 9. T he lowest anion concentration of 1.0x10'*^ M, as one w ould expect, results 
in the highest fractional uptake because, once again as the anion concentration decreases 
there are proportionally more binding sites available fo r the remaining anions in solution.
In conclusion, several geochem ical parameters were investigated in order to 
achieve a better understanding o f  the sorption behavior o f  SeO ]' on the zeolitized tuff.
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Figure 55. Sorption o f Se0 3 '  on 100 g/L zeolitized tu ff in 0.1 M NaN O; as a function o f 
S eO ;" ' concentration.
B atch equilibrium  sorption experim ents were perform ed as a  function of pH, ionic 
strength , total adsorbent concentration, and total anion concentration. The results from 
the experim ents indicated that the fractional uptake o f SeO ;" is not affected by any 
variations in the ionic strength. This suggests that SeO ;" is form ing inner-sphere 
coordination com plexes on am photeric surface sites. C onsequently, the fractional uptake 
o f  SeO ;" decreased as a function o f pH from a m axim um  at low pH values. In addition, 
the experim ents also indicated that the fractional uptake o f  SeO ;" on the zeolitized tuff 
increased as the overall SeO;" concentration decreased.
SeO ;" Sorption Parameter Estim ation
The fractional uptake data  for SeO;" were used to derive Freundlich and linear 
iso therm s. The batch equilibrium  sorption experim ents conducted with SeO ;" w ere only
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perform ed at one solid adsorbent concentration, therefore, only three different equilibrium  
concentrations as a function o f  ionic strength and pH were available for the construction 
o f  the sorption isotherms. Sorption isotherm s were constructed at pH values o f 4, 5. 6. 
and 7 fo r the 1.0 M N aN O ; concentration, and at pH values o f 4, 5, and 6 for the 0.1 M 
N aN O ; concentration. Isotherms were not constructed at higher pH  values because the 
fractional uptake o f S eO ;' on the zeolitized tuff was approaching 0%.
The fractional uptake data were first used to derive Freundlich isotherms, in order 
to determ ine whether true distribution coefficients can be calculated for S eO ;''. The 
Freundlich isotherm  param eters, Kf and 1/n, for both background electrolyte 
concentrations are shown in Table 16. The data in the table reveal that the 1/n exponents 
for bo th  isotherm s are strongly nonlinear. Therefore, m athem atically valid distribution 
coefficients for S eO ;' cannot be calculated at either ionic strength. These two 
param eters, Kf and 1/n, can be used as indicators o f the sorption capacity of the adsorbent 
for the specific geochemical conditions at w hich the equilibrium  data points were 
calculated. The Freundlich sorption isotherm s for pH values o f  4, 5, and 6 for both the 
1.0 M  and 0.1 M NaNO; background electrolyte concentrations can be seen in Figure 56 
and F igure 57, respectively. Inspection o f  the data in the table also reveals that the Kf 
param eters decrease as the pH increases, w hich is consistent with the experim ental 
observations. Inspection o f data, how ever, reveals that the calculated Freundlich 
param eters for the two different background electrolyte concentrations are som ew hat 
d issim ilar for corresponding pH  values. This is somewhat counterintuitive since the 
fractional uptake curves for S e O ;' show ed no variation as a function o f the ionic 
strength. This variability in the calculated Freundlich param eters as a function o f  ionic
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T able 16. Freundlich isotherm param eters for SeO]"' in 1.0 and 0.1 M NaNO? for
different pH  values.
Ionic Strength 
(M)
pH Kf
(g/g)/(g/m^)*'"
1/n
(-)
r"
1.0 4 4.62x10 6 0.642 0.998
1.0 5 3.51x10"* 0.726 0.991
1.0 6 2.72x10* 0.730 0.995
1.0 7 1.93x10* 0.722 0.999
0.1 4 4.55x10* 0.589 0.999
0.1 5 2.94x10* 0.630 0.999
0.1 6 1.35x10* 0.511 0.997
0.0001
▼ pH =4 
□ pH=5 
•  pH =6
0.00001o
S
o
.000001
0.0000001
100.01 0.1 1
Equilibrium  C oncentration (g/m  )
Figure 56. Freundlich isotherm s of SeO?" sorption on zeolitized tuff in 1.0 M NaNO? at 
pH values o f  4, 5, and 6.
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Figure 57. Freundlich isotherm s o f S eO ;' sorption on zeolitized tuff in 0.1 M NaNO] at 
pH values o f 4, 5, and 6.
strength can be explained because the fractional uptake curves did have some scatter 
associated with them. If one will recall, the equilibrium  data  points used to construct the 
isotherm s were obtained by hand-fitting a best-fit curve to the fractional uptake data, and 
evaluating the fractional uptake o f SeO]"' based on this curve. Because o f the best-fit 
selection, variability in the fractional uptake o f SeO]" is introduced into the partitioning 
coefficient calculations as a function o f ionic strength. The Kf param eters for the two 
different background electrolyte concentrations, however, do not differ by more than a 
factor o f  2, in the w orst case, a reasonably good agreement. In addition, it can be seen 
from the table that the Kf param eters deviate m ore from each other at the high pH values
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w here the fractional uptake curves begin to approach 0%. The low  uptake can introduce 
additional variability  into the sorption param eter calculations.
Although the Freundlich isotherm s were highly nonlinear, distribution coefficients 
for S eO ]' were calculated  for com parative purposes. It m ust be rem em bered that such 
distribution coefficients are not strictly valid for transport codes because the sorption 
isotherm s are not truly linear. The Kd values, and the correlation coefficients, r". obtained 
from  SeO]" sorption isotherms at background electrolyte concentrations o f 1.0 and 0.1 M 
NaN Os are show n in Table 17. The calculated distribution coefficients (Kd) were 
obtained from a least squares fit. In addition, the IQ values w ere obtained by forcing the 
linear isotherm  through zero because that is one of the assum ptions o f the linear isotherm. 
L inear isotherm s for pH  values o f 4, 5, and 6 for both the 1.0 and  the 0.1 M NaNOg 
background electrolyte concentrations can be seen in Figure 58 and  Figure 59, 
respectively. It can  be seen from the data  in the table that the distribution coefficients 
also decrease as the pH of the solution increases. For exam ple, the distribution 
coefficients for the 1.0 M  NaNOj concentration vary from a m axim um  value o f  2.52x10'^ 
m^/g at a pH o f 4  to a minim um  value o f  1.12x10^ mVg at a pH o f  7. The distribution 
coefficients for the 0.1 M NaNOs concentration vary from a m axim um  value o f  2.22x10'^ 
m^/g at a pH o f 4  to m inim um  value o f  5.36x 10'^ mVg at a pH  o f  6. This behavior is also 
expected because the affinity o f the SeOs*' anion for the zeolitized  tu ff decreases as the 
pH  o f  the solution increases. The table also shows that the d istribution coefficients at 
sim ilar pH values but different background electrolyte concentrations differ by up to 
approxim ately a factor o f 2. The variability  seen in the d istribution coefficients can be 
explained because o f  the scatter o f the data points in the fractional uptake curves, and
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Table 17. D istribution coefficients (Kd) fo r SeOj~' in 1.0 and 0.1 M NaNOs fo r different
pH  values.
Ionic Strength
(M )
pH Kd
(mVg)
r"
1.0 4 2 .52x10 '’ 0.995
1.0 5 2.35x10* 0.999
1.0 6 1.77x10-* 0.999
1.0 7 1.12x10-* 0.995
0.1 4 2.22x10-* 0.992
0.1 5 1.51x10* 0.994
0.1 6 5.35x10-’ 0.988
0.000016
0 .000014
^0.000012
•2 0.00001 
2
I  0.000008
c
p
^  0.000006 
u
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^  0 .000004
0.000002
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Figure 58. Linear isotherm s o f SeOs" sorption on zeolitized tuff in 1.0 M NaNOg at pH 
values o f  4, 5, and 6.
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Figure 59. Linear isotherm s of SeO?"' sorption on zeolitized tuff in 0.1 M  NaNO] at pH 
values o f  4, 5, and 6.
because o f  the m ethod used to derive the isotherm s. It can be seen from  the data, 
how ever, that the Incorporation o f sorption param eters for SeOs*' into transport codes 
w ould be definitely dependent on the pH o f the solution, and well as slightly affected by 
the background electrolyte concentration.
C hem ical Spéciation M odeling o f SeO i^
The theoretical spéciation o f SeO]" in the groundw ater from w ell U-20 at the 
N TS, and in the batch equilibrium  sorption reactors was also investigated. The modeling 
assum ed a system closed to the atmosphere. Spéciation calculations for SeO]" were 
perform ed at both the highest and lowest anion concentrations used for the batch 
equilibrium  sorption experim ents, and at all three background electrolyte concentrations.
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The objective o f  the m odeling was to gain additional understanding of possible processes 
that m ight occur in the groundw ater at the NTS, and in the batch equilibrium  sorption 
reactors. These investigations into the spéciation o f SeOa"' might provide clues as to the 
m echanism  o f  sorption at particular pH  values. For exam ple, it might be possible, 
therm odynam ically at least, to determ ine w hether precipitation or surface com plexation 
would be m ore likely at specific pH values.
The spéciation m odeling revealed, however, that the spéciation o f S e O f  is the 
same using either groundw ater com position, therefore, only one figure will be presented 
to illustrate the theoretical spéciation o f  SeO?"'. Inspection o f Figure 60 reveals that there 
are three predom inate aqueous SeO ;" species. The figure shows that the aqueous species
ZÛ
-10
-12
-14
6 83 4 5 107 9
pH
Figure 60. Spéciation modeling o f 1.0x10“* M SeO]" in the groundw ater from  well U-20 
at the NTS and in the batch equilibrium  reactors.
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S eO ]" , H S e O ] , and H2Se0 3 ” w ould be present regardless o f  the concentration o f 
additional species present in the solution. Inspection o f the figure also reveals that the 
predom inate aqueous species is HSeO] at all pH values less than 8.2. As the pH exceeds 
8.2, the predom inate aqueous species becom es SeO^" . N o precipitates o f SeO]" would 
form in the groundw ater at the NTS or in the batch equilibrium  reactors under any 
conditions. Consequently, the fractional uptake o f SeO]'" has to be attributed to either 
adsorption o r absorption. The spéciation m odeling was also conducted at numerous 
anion concentrations, however, the results were identical to  the results at the 1.0x10“* M 
SeO î"' concentration.
This spéciation m odeling has significant im plications for the transport o f SeOj~' in 
the subsurface environm ent at the NTS. For exam ple, the SeOs"' anion, while it has a 
greater affinity  fo r the zeolitized tuff than the Cr0 4 “’ anion, is still extrem ely mobile in 
this geochem ical environm ent especially at pH values that are likely to be encountered at 
the NTS. Therefore, SeO?”' contam ination in the groundw ater w ould not be retarded to a 
great extent due to interactions with the zeolitized tuff.
A Com parison o f  the Sorption Behavior o f CrO ^' and SeO^~~ on the Zeolitized Tuff
A com parison  o f the anions’ sorption behavior on the zeolitized tuff was made to 
investigate the differences in the partitioning behavior betw een a strongly binding anion 
versus a w eakly binding anion. This com parison serves to illustrate the large differences 
in binding strength  between an anion assum ed to be form ing inner-sphere coordination 
com plexes, and  an anion assum ed to be form ing outer-sphere com plexes on several 
mineral surfaces. Overall, the experim ents indicate that the fractional uptake o f SeOs'" is 
always greater than the fractional uptake o f CrO^" on the zeolitized tu ff regardless o f the
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geochemical param eters varied. Figure 61 illustrates the differences in the binding 
strength between the two anions. The Cr0 4 “" anion for these particu lar geochem ical 
conditions shows very little, if any, fractional uptake by the zeolitized tuff. The fractional 
uptake o f SeOs"'. how ever, is approxim ately 40% at low pH o f 3.5 and decreases as a 
function of pH to approxim ately 10% at pH values above 8.5. This sorption behavior can 
again be seen in Figure 62, which shows the fractional uptake o f the tw o anions on 100 
g/L  zeolitized tuff in 1.0 M N aN 0 3 . The fractional uptake of Cr0 4 “’ decreases as a 
function of the pH from a m axim um  value of approxim ately 30% at a  pH  o f 4.5 to a 
fractional uptake o f 0% at a pH o f approxim ately 6. The Se0 3 " anion, however, has a 
much greater fractional uptake than the Cr0 4 " anion with a fractional uptake that 
decreases from a m axim um  value o f  approximately 100% at a pH  o f  3.5 to a minimum 
fractional uptake o f approxim ately 30% at pH values greater than 5.
The two previous diagram s, showing experiments at different ionic strengths and 
anion concentrations, have shown that the fractional uptake o f Se0 3 "‘ on the zeolitized 
tu ff from  the NTS is always greater than the fractional uptake o f C r0 4 ~’ for sim ilar 
geochem ical conditions. The differences in the fractional uptakes can likely be explained 
because the Se0 3 ‘‘ anion is the conjugate base of a weak acid, w hich means it would be 
m ore likely to form chem ical bonds with pH-dependent surface sites. The Cr0 4 “ anion is 
the conjugate base o f a stronger acid, and consequently it is less likely to form chemical 
bonds with surface sites. This type o f fractional uptake behavior is consistent with 
selenite inner-sphere coordination com plex formation and chrom ate outer-sphere 
com plex formation. In addition, the formation of inner-sphere coordination com plexes by 
Se0 3 “' would also explain why the fractional uptake o f Se0 3 ~' does not vary as a function
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Figure 61. Comparison o f  the sorption behavior of 1.0x10^ M C r O / ' and S eO ]' on 100 
g/L zeolitized tuff in I.O M NaNO].
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Figure 62. Com parison o f  the sorption behavior of 1.0x10'^ M CrO j"' and S e O s '’ on 100 
g/L zeolitized tuff in 1.0 M NaNO;.
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o f ionic strength. The CrO^" anion, how ever, is affected by changes in the background 
electrolyte concentration, and this tends to indicate the formation outer-sphere com plexes.
Sorption of CrO^" and SeOa '^ on Clinoptilolite
Batch equilibrium  sorption experim ents with the two anions were also perform ed 
using the pure clinoptilolite. These additional experim ents were conducted so tha t a 
com parison between the natural zeolitized tuff, which contains a significant percentage o f 
clinoptilolite, and the pure clinoptilolite could be made. The fractional uptake o f  the two 
anions on the pure zeolite (clinoptilolite) is im portant to the overall understanding o f  the 
sorption behavior of the anions on the zeolitized tuff from the NTS. It was thought that 
by com paring the sorption behavior o f  the anions as a function o f the adsorbent type, a 
determ ination could be made w hether the m ineral phase clinoptilolite or som e o ther 
mineral phase is prim arily responsible for the sorption o f the anions. Therefore, batch 
equilibrium  sorption experim ents w ith the two anions were also perform ed using the 
clinoptilolite as a function o f pH, ionic strength, anion concentration, and solid adsorbent 
concentration.
Sorption Behavior o f C rO j-
Figure 63 shows the fractional uptake o f 1.0x1 O’’ M CrO^" on 33 g/L 
clinoptilolite as a function o f ionic strength. It m ust be rem em bered that a solid 
concentration o f 33 g/L clinoptilolite is equivalent in terms o f the surface area o f  the 
adsorbent to a solid concentration o f  100 g/L  zeolitized tuff. Overall, the results indicate 
that the fractional uptake o f CrO^" increases as the background electrolyte concentration 
decreases. T he figure, however, also dem onstrates some unusual fractional uptake
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Figure 63. Sorption o f 1.0x10'^ M C rO ^' on 33 g/L clinoptilolite as a function o f ionic 
strength.
behavior that has not been seen with any o f  the other ions o f interest. As expected, the 
fractional uptake of C r0 4 "‘ on the clinoptilolite varies as a function o f pH, but a 
m axim um  value o f fractional uptake o f approxim ately 75% is achieved at a pH  of 
approxim ately 4.25 for the 1.0 M NaNOs background electrolyte concentration. The 
fractional uptake o f Cr0 4 "‘ then decreases from this m axim um  value as a  function o f 
increasing pH to approxim ately 10% at pH  8.5. The fractional uptake o f C r0 4 ~', 
however, also decreases from  the m axim um  value as a  function o f  decreasing pH to 
approxim ately 10%.at a low pH  o f 3.5. Experim ents perform ed at the lower background 
electrolyte concentration show  sim ilar behavior. The fractional uptake o f  Cr0 4 "' at the 
0.1 M  NaNO] background electrolyte concentration has a m axim um  value o f
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approxim ately 95%  at a  pH o f 4.5. The fractional uptake decreases as a function o f  
increasing pH to approxim ately 20% at a pH 9. In addition, the fractional uptake o f 
CrOa"' also decreases as a function o f decreasing pH to approxim ately 70% at a pH of 
3.5. It is obvious from the figure, however, that the fractional uptake o f Cr0 4 “ on the 
clinoptilolite increases as the background electrolyte concentration decreases. This type 
of sorption behavior w here the m axim um  fractional uptake o f Cr0 4 “ occurs at pH value 
o f approxim ately 4.5 o r so that decreases both as the pH increases and decreases can be 
explained because the C r0 4 "‘ anion is most likely undergoing a spéciation change at the 
lower pH values, or a change in the oxidation state. For exam ple, the Cr0 4 “' anion Is 
most likely being protonated to HCr0 4 , or H :Cr0 4  at the low pH values. This change in 
the spéciation o f C r0 4 "' would affect the overall fractional uptake curve because the 
protonated species w ould be less likely to bind to surface sites w hich have an overall 
positive charge at the low er pH values than the negatively charged C r0 4 "' anion. As a 
result o f the differing electrical charges of the protonated Cr0 4 “ anion, the fractional 
uptake curves w ould deviate from their normal sorption behavior w here the m axim um  
fractional uptake occurs at low pH and decreases only as a function o f  increasing pH. 
Another explanation for this type o f sorption behavior, however, could be attributed to 
the dissolution o f the adsorbent. At low pH values, the adsorbent m ay undergo 
dissolution, which w ould decrease the ability of the C r0 4 “’ anion to sorb to the mineral 
surface.
Batch equilibrium  sorption experiments with the clinoptilolite were also 
performed as a  function o f changing Cr0 4 "‘ concentration in order to investigate the 
effects, if any, on the fractional uptake of Cr0 4 " . Sorption experim ents were perform ed
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at C r0 4 " concentrations of 1 .Ox 10"  ^ and 1.0x10'^ M. Inspection of Figure 64 reveals that 
the fractional uptake o f Cr0 4 “' on the clinoptilolite increases as the Cr0 4 “ concentration 
decreases. The figure clearly shows that the 1.0x10'^ M C r0 4 "' concentration increases as 
a function o f the pH  from approxim ately 70% at a pH o f 4.0 to a m axim um  fractional 
uptake o f approxim ately 85% at a pH  o f 4.25. The fractional uptake o f 1.0x10'^ M Cr0 4 “ 
then decreases as a function o f pH to approxim ately 0% at a pH of 7.5 or so. It is obvious 
from  the figure that the overall fractional uptake increases as the anion concentration 
decreases to 1.0x10'^ M Cr0 4 ' . As can be seen from the figure, the 1.0x10’  ^ M 
concentration results in the fractional uptake of approxim ately 70% at a pH  o f  around 3.8 
that increases like the higher anion concentration to a m axim um  fractional uptake o f 95%
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Figure 64. Sorption o f Cr0 4 “’ on 33 g/L clinoptilolite in 0.1 M NaNO] as a function of 
C r0 4 "’ concentration.
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at a pH o f  4.3 . The fractional uptake o f Cr0 4 "‘ then decreases as a function o f pH to a 
fractional uptake o f approxim ately 20% at a  pH above 8.5 o r so. This type o f sorption 
behavior is expected because as the Cr0 4 “ concentration in solution decreases, there are 
proportionally  more binding sites available at the lower anion concentration for the 
C r0 4 ~' anions rem aining in solution. This type o f behavior has been seen with all other 
ions investigated during this project.
Batch equilibrium  sorption experim ents investigating the sorption behavior o f  
C r0 4 "‘ on  the clinoptilolite were only perform ed at one solid concentration in order to 
norm alize the surface area o f the clinoptilolite to that o f the zeolitized tuff from  the NTS. 
This norm alization o f the surface area allow s for a com parison o f  the sorption behavior o f 
C r0 4 ~' as a  function o f  the adsorbent type in the final section o f the thesis. Therefore, no 
figures w ill be presented illustrating the fractional uptake o f C r0 4 “’ on the clinoptilolite as 
a function o f the clinoptilolite concentration.
Sorption Behavior o f S eO i^
B atch equilibrium  sorption experim ents with the S e O ;' anion and the 
clinoptilo lite were conducted so that a com parison o f the an io n ’s sorption behavior on the 
pure m ineralogical phase could be made. Experim ents were only performed at one solid 
adsorbent concentration (33 g/L clinoptilolite). These experim ents were performed to 
illustrate any similarities and differences in the fractional uptake o f SeOs”' between the 
tw o differen t adsorbents types.
Ionic strength dependence experim ents indicated that the fractional uptake o f 
S eO )' on  the clinoptilolite does not vary as a function o f the ionic strength o f the 
solution. Figure 65 show s the fractional uptake o f 1.0x10'^ M  SeOs"’ on 33 g/L
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Figure 65. Sorption o f  1.0x10'^ M SeO]" on 33 g/L clinoptilolite as a function o f  ionic
strength.
clinoptilolite as a function o f ionic strength. It can be seen from  the figure that all three 
background electrolyte concentrations investigated result in the fractional uptake of 
approxim ately 95%  at low pH values o f 3 to 4 that decrease as a  function o f pH to a 
fractional uptake o f less than 10% above pH 9.0. This type o f  sorption behavior is sim ilar 
to the fractional uptake behavior o f S eO ]' on the zeolitized tuff, and it can be sim ilarly 
explained.
Batch equilibrium  sorption experim ents were also perform ed with the 
clinoptilolite to investigate the effects, if any, that changing SeOs"' concentrations have 
on the fractional uptake o f SeOs"'. The fractional uptake curves showed that, once again, 
the fractional uptake o f  SeO]" increases as the SeOs"’ concentration in solution decreases.
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as shown in Figure 66. The figure shows the fractional uptake o f SeOs"' on 33 g/L 
clinoptilolite in 1.0 M NaNO?. The figure clearly  illustrates that the 1.0x10“* M SeOa*' 
concentration show s the lowest fractional uptake. As the anion concentration decreases 
to 1.0x10'^ and 1.0x10^ M S eO ]' . the fractional uptake increases accordingly.
In conclusion, several batch equilibrium  sorption experim ents were perform ed 
with the S eO ]' anion and the clinoptilolite adsorbent. The experim ents showed that the 
fractional uptake o f S e O ;' on the clinoptilolite is not affected by changes in the ionic 
strength o f the solution, which suggests the form ation of inner-sphere coordination 
complexes. The experim ents also showed that increasing SeO]" concentrations result in 
a decrease in the fractional uptake o f  SeO j"' on the clinoptilolite adsorbent. Experiments
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Figure 66. Sorption o f SeO ]' on 33 g/L clinoptilolite in 1.0 M N aN O ] as a function of 
SeO ^' concentration.
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were not perform ed as a function o f the solid adsorbent concentration, how ever, 
experim ents w ith the other ions o f interest in this thesis have shown that increasing solid 
concentrations result in increase in fractional uptake o f the ion o f interest, and there is no 
reason to believe that SeOs"' would behave differently.
A Com parison o f the Sorption Behavior o f CrO^"' and S eO i' on the C linoptilolite
A com parison o f  the anions’ sorption on the clinoptilolite was m ade to illustrate 
the sim ilarities and differences in the fractional uptake between a strongly binding anion 
(SeO ]' ) and a  weakly binding anion (C rO ^ 'l. The experim ents perform ed indicate that 
both anions show pH-dependent behavior. For exam ple, the experim ents show that the 
fractional uptake o f the anions is at its greatest at low pH values and decreases as the pH 
of the solution increases. The pH-dependent sorption behavior that both anions exhibit 
can be thought o f as a competition for the available surface sites betw een the anions o f 
interest and the OH anion. The experiments have also shown that the fractional uptake 
of SeO]-' is always greater than the fractional uptake o f CrÛ47 for sim ilar geochemical 
conditions. This is consistent with SeO ]' form ing inner-sphere coordination com plexes 
with pH -dependent surface sites. These types o f chem ical bonds are m uch stronger than 
the outer-sphere com plexes that Cr0 4 '  is assum ed to be forming. F or exam ple. Figure 67 
shows the fractional uptake of 1.0x10'^ M Cr0 4 “' and SeO]" at a background electrolyte 
concentration o f 1.0 M NaNO], and a solid concentration o f 33 g/L clinoptilolite. The 
figure reveals that the fractional uptake o f S eO ]' is greater at all pH values than the 
fractional uptake o f C r0 4 " . This behavior can be seen again in Figure 68, which is at a 
lower background electrolyte concentration o f 0.1 M NaN 0 3 .
The tw o anions differ in their sorption behavior, however, to changes in the
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Figure 67. C om parison o f the sorption behavior o f  C rO ^' and S eO ]' on 33 g/L 
clinoptilolite in 1.0 M NaNOs.
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Figure 68. C om parison o f the sorption behavior o f 1.0x10'^ M C rO ^' and  Se0 4 "' on 33 
g/L  clinoptilolite in 0.1 M NaNO].
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background electrolyte concentration. For example, the SeOa"' anion is not affected by 
changes in the background electrolyte concentration (Figure 65). T his behavior is 
consisten t w ith strong binding o f Se0 3 ”' to surface sites, possibly by the form ation o f 
inner-sphere coordination com plexes. The fractional uptake o f C r0 4 "' on the 
clinoptilolite, however, is affected by changes in the background electrolyte concentration 
(Figure 63). This behavior indicates that Cr0 4 "‘ is binding to w eakly binding surface 
sites, possibly form ing outer-sphere com plexes.
Comparison of Cr0 4 '^ and SeOa’* Sorption as a Function of Adsorbent Type
In the final section of this chapter, a com parison o f the sorption behavior of 
C r0 4 "‘ and Se0 3 “ as a function o f adsorbent type will be made. Such a com parison is 
im portant to understanding the overall sorption behavior o f the anions on the zeolitized 
tuff from  the NTS. It was hoped that a determination could be m ade as to the primary 
m ineral phase responsible for the fractional uptake of the anions by com paring the 
fractional o f the anions on the zeolitized  tu ff to the fractional uptake o f  the anions on the 
clinoptilolite. For exam ple, it was show n in Chapter 4 that the clinoptilo lite  present in 
the volcanic tu ff was controlling the fractional uptake of the cations for the low er 
background electrolyte concentrations. It was obvious from the figures that the fractional 
uptake o f the cations was, qualitatively at least, the same as a function o f  the adsorbent 
type, once the solid concentrations o f  both adsorbents were norm alized w ith respect to 
specific surface area. Therefore, a  com parison  of die anions fractional uptake as a 
function o f adsorbent type was also m ade in an attempt to determ ine w hat mineral phase 
is controlling  the sorption behavior o f  the anions. Solid concentrations o f  33 g/L and 100
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g/L were used for the clinoptilolite and the zeolitized tu ff from the NTS, respectively. 
These solid adsorbent concentrations were chosen to norm alize the surface areas o f  the 
adsorbents, and because at least that high o f a solid concentration was needed to result in 
any sorption o f  the Cr0 4 "’ anion on the zeolitized tuff. The results o f the experim ents 
w ith the Cr0 4 “ anion will be discussed first, follow ed by a discussion o f the fractional 
uptake o f the S e O ;' anion as a function o f the adsorbent type.
Cr04~' Sorption as a Function o f Adsorbent Type
In order to com pare the sorption behavior o f  C r0 4 “ as a function o f adsorbent 
type, batch equilibrium  sorption experim ents were perform ed with both adsorbents at 
sim ilar geochem ical conditions. Overall, the experim ents indicate that the fractional 
uptake o f CrÜ4“’ is, qualitatively at least, the sam e for both adsorbents. For exam ple, the 
fractional uptake o f CrÜ4‘’ on both adsorbents is favored at low pH values and decreases 
as the pH o f the solution increases. This suggests that the same types o f surface sites are 
responsible for the fractional uptake o f the Cr0 4 ~’ anion on both adsorbents. In addition, 
the experim ents show ed that the fractional uptake o f  Cr0 4 "' on the clinoptilolite is greater 
than on the zeolitized tuff for all of the pH ranges and geochemical conditions 
investigated. It was stated earlier that the fractional uptake o f Cr0 4 “ on the zeolitized 
tu ff was not very favorable at high anion concentrations, therefore, experim ental data  will 
only be presented for the 1.0x10'^ M anion concentration. Figure 69 shows the fractional 
uptake o f 1.0x10'^ M Cr0 4 "‘ in 0.1 M NaNO] as a function o f adsorbent type. The figure 
clearly shows that the fractional uptake o f  Cr0 4 “ on the clinoptilolite is greater than  on 
the zeolitized tuff. The greater fractional uptake o f  C r0 4 ~' on the clinoptilolite can be 
likely attributed to the clinoptilolite’s higher AI2O 3 concentration. If one will recall from
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Figure 69. C om parison o f the sorption behavior of 1.0x10' M CrO ^' in 0 .1 M NaNOs as 
a function o f  adsorbent type.
the X R F data in C hapter 3, the clinoptilolite has a 15% greater AI2O 3 concentration than 
the zeolitized tuff. A greater AI2O 3 concentration would provide more surface alum inol 
groups for anion sorption. These type o f  sites are much m ore conducive to anion sorption 
than silanol surface sites. Consequently, the fractional uptake o f CrO^- on the 
clinoptilolite is greater than on the zeolitized tuff.
The fractional uptake of Cr0 4 “’ on the zeolitized tuff, however, must be controlled 
by the same types o f  binding sites, nam ely surface alum inol groups. This can be 
concluded because the fractional uptake o f Cr0 4 " on both adsorbents is, qualitatively at 
least, the same. It seem s unlikely, how ever, that the surface alum inol groups available for 
binding within the zeolitized tuff are solely a result of the clinoptilolite contained within
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the zeo litized  tuff. For exam ple, it was stated  in Chapter 2 that the zeolitized tuff found 
at R ain ier M esa contains 5-30%  non-zeolitic constituents. T hese constituents included 
feldspar and biotite, w hich are also alum inosilicate minerals. Consequently, these types 
o f m inerals w ould also provide surface alum inol groups for binding. Therefore, it cannot 
be conclusively  determ ined that the clinoptilolite contained w ith in  the zeolitized tuff is 
solely responsible for the sorption behavior o f  C r0 4 ~’.
S e O j'' Sorption as a Function o f Adsorbent Tvpe
C om parisons o f  the sorption behavior o f S eO ]' as a function o f adsorbent type 
indicate that the fractional uptake o f SeOs"' on both adsorbents is also, qualitatively at 
least, the sam e. For exam ple, the fractional uptake of S eO ]' is favored at low pH values 
and decreases as the pH  increases. The experim ents also show  that, like the Cr0 4 “’ anion, 
the fractional uptake o f SeO i" on the clinoptilo lite is always greater than on the zeolitized 
tuff regardless o f the geochem ical param eters used. The explanation for this type o f 
fractional uptake behavior can be considered the same as the explanation provided for the 
Cr0 4 "' anion. The greater AI2O 3 concentration o f  the clinoptilolite results in more 
alum inol surface sites being  available for anion binding. For exam ple. Figure 70 
illustrates the affinity o f  the SeOs'" anion for both adsorbents at sim ilar geochemical 
conditions. As can be seen  from the figure, the fractional uptake o f  Se0 3 “' on the 
clinoptilolite is greater than  on the zeolitized tuff. The figure clearly  displays the typical 
pH -dependent sorption behavior of the anions w here the fractional uptake decreases from 
a m axim um  value at low  pH  to almost 0% at high pH. In addition, it can be seen from  the 
figure that the zeolitized tu ff results in substantially  less fractional uptake than the 
clinoptilolite. The fractional uptake o f Se0 3 "‘ on the zeolitized tu ff varies from a
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Figure 70. 
a function
Com parison o f  the sorption behavior o f 1.0x10'^ M S e O ] ' in 1.0 M N aN O] as 
o f adsorbent type.
m axim um  value at approxim ately 40% at a low pH o f 3.5 that then decreases as a 
function o f the pH to a m inim um  value o f approxim ately 10% at pH  above 8.5. This 
relative binding affinity can be seen again in Figure 71, which illustrates the fractional 
uptake o f 1.0x10'*^ M S eO ]' in 0.1 M NaNOa as a function o f adsorbent type. This figure 
shows that once again the fractional uptake o f  SeOs" on the clinoptilo lite  is greater than 
the fractional uptake of SeOs"' on the zeolitized tuff from the NTS.
In conclusion, com parisons were m ade illustrating the sorption behavior o f SeO?”' 
as a function o f  adsorbent type. These com parisons showed that the fractional uptake o f 
SeO]"' is greater on the clinoptilolite than on the zeolitized tuff. T his type o f fractional 
uptake behavior can be likely attributed to the greater AI1O3 concentration o f the
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clinoptilolite. A greater AI2O 3 concentration w ould provide more surface alum inol 
groups for Se0 3 " to bind to. U nfortunately, the exact proportion o f  zeolite minerals to 
non-zeolite m inerals contained within the zeolitized tuff was never determ ined. 
Therefore, it cannot be conclusively determ ined which mineral phase is contributing the 
m ost surface alum inol groups for anion binding.
Conclusions
Com parisons of the anion sorption behavior as a function o f  adsorbent type were 
made so that a determination could  be made as to w hether the clinoptilolite contained 
within the zeolitized tuff from R ainier M esa is responsible for the fractional uptake o f the 
anions. The com parisons have show n that the fractional uptake o f the anions on both
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adsorbents is qualitatively, at least, the same. This suggests that the sam e sorts o f binding 
sites are controlling the fractional uptake o f the anions. For exam ple, the fractional 
uptake o f the anions is most likely related to the AI2O 3 concentration o f the adsorbent. 
U nfortunately, the zeolitized tuff from  Rainier M esa contains a num ber o f  alum inosilicate 
minerals. Therefore, it cannot be conclusively proven that the clinoptilolite contained 
within the zeolitized tuff controls the sorption behavior o f  the anions.
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CHAPTER 6
CONCLUSIO NS A ND R EC O M M EN D A TIO N S 
FOR FU TURE R ESEA R C H
Numerous batch equilibrium  sorption experim ents, sorption param eter 
estim ations, and spéciation calculations were perform ed for this research project in order 
to address the proposed hypotheses. It had been proposed  that the m ovem ent o f any 
Pb(IT), Sr(H), Cr0 4 "', and SeOs"' ions in the groundw ater at the NTS w ould be retarded 
due to sorption o f the ions on zeolitized tuff. In addition , it was hypothesized that the 
cations would be retarded more than the anions, and tha t lastly, the zeolite mineral 
c linoptilo lite  contained within the zeolitized tuff is responsib le  for the sorption behavior 
o f the ions. The batch equilibrium  experim ents w ere conducted  as a function o f pH, ionic 
strength, total solid concentration, and total ion concentration. From  these experim ents, 
partition ing  coefficients o f  the cations and anions o f  in terest for the zeolitized tuff from 
R ain ier M esa were calculated. These geochemical param eters can then be used in 
transport codes to help estim ate the fate and transport o f  these contam inants in the 
subsurface environm ent at the NTS, and to help increase our overall understanding of 
these interactions. In this chapter, the conclusions o f  the research pro ject and 
recom m endations for future research are presented.
155
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Conclusions
The batch equilibrium  experim ents revealed that the fractional uptake o f the 
cations on the zeolitized tu ff and clinoptilolite was controlled by cation exchange at 
background electrolyte concentrations o f 0.1 M and 0.01 M NaNO?. This type o f 
sorption is pH -independent and varies only as a function o f the adsorbent concentration, 
m etal cation concentration, or the overall background electrolyte concentration. The 
batch equilibrium  experim ents also indicated that the cations o f interest w ere, m ost likely, 
excluded from the internal cation-exchange sites o f both adsorbents for background 
electrolyte concentrations o f at least 1.0 M NaNO?. This could be concluded because 
there was no fractional uptake o f Sr(H) under these conditions, and the Pb(II) cation 
began to display pH -dependent fractional uptake behavior. There was no fractional 
uptake o f  Sr(II) at this high background electrolyte concentration because it, presum ably, 
cannot form  any other type o f bond with either adsorbent. The Pb(IT) cation, how ever, 
was able to form either surface com plexes with pH-dependent surface sites o r precipitates 
o f Pb at this high background electrolyte concentration. This would tend to indicate that 
the Pb(II) cation is binding to both adsorbents in a completely different m anner than was 
seen at the lower background electrolyte concentrations. The ionic strength dependence 
experim ents performed at background electrolyte concentrations above 1.0 M NaNO? 
revealed that there is no variation in the fractional uptake o f Pb(IT) as a function o f the 
ionic strength. This fractional uptake indicates, but is not direct evidence for the fact, that 
Pb(II) is m ost likely form ing inner-sphere coordination complexes with pH -dependent 
surface groups, or form ing surface precipitates.
T he experim ents w ith the cations o f  interest also revealed that regardless o f the
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geochem ical parameters, the Pb(IT) cation had a greater affinity for the adsorbents than 
the Sr(II) cation. The com plete removal o f  these cations from the groundw ater at the 
NTS w ould most likely occur, however, because o f the ionic strength o f  the groundw ater 
at the NTS. This can be based on the fact that the ionic strength o f the groundw ater from  
w ater well U-20 was calculated as 3.2x10'^ M. It should be recalled that the fractional 
uptake o f both cations on both adsorbents was essentially 100% for the lowest ionic 
strength investigated (1.0x1 O'" M). If the ionic strength o f the solution were decreased to 
an even low er value, there would be even less com petition for the cation-exchange sites, 
and the com plete removal o f Pb(H) and Sr(II) from solution would be expected. T h is has 
significant implications for the mobility o f  these metal cations in the subsurface 
environm ent at the NTS. Specifically, the num erous batch equilibrium sorption 
experim ents have shown that the Pb(II) and Sr(H) cations would be significantly retarded 
in the aqueous environm ent at the NTS due to sorption on zeolitized tuff.
The results from the batch equilibrium  sorption experiments revealed that the 
fractional uptake of the anions is controlled by sorption on external pH -dependent surface 
sites. Based on ionic strength dependence experim ents, it appears that the SeO j"' anion is 
form ing inner-sphere coordination com plexes with amphoteric surface sites. The 
fractional uptake of SeO]"' on both adsorbents is only affected by changes in pH, solid  
concentration, and anion concentration. The fractional uptake of Cr0 4 "' on both 
adsorbents, however, is affected by changes in the ionic strength, as well as the o ther 
geochem ical parameters studied. This tends to indicate that CrO^" is form ing w eakly 
binding, possibly outer-sphere com plexes with pH  dependent surface sites. In fact, the 
fractional uptake data revealed that the sorption o f CrO^" on the zeolitized tuff adsorbent
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is so weak for all o f the geochem ical parameters investigated that anion concentrations 
had to be decreased to 5 .0x10 '’ M  to result in any m eaningful uptake.
The results o f the experim ents also showed that regardless o f the geochem ical 
param eters investigated, the SeO]" anion had a greater affinity for both adsorbents than 
the Cr0 4 ~' anion. The fractional uptake o f the anions, however, does not approach the 
fractional uptake o f the cations as can be seen by the solid adsorbent concentration 
needed to produce any fractional uptake of the anions. This is in no way surprising since 
both adsorbents have high cation-exchange capacities, and no appreciable anion-exchange 
capacities. The observed fractional uptake of the anions has significant im plications for 
their m obility in the aqueous environm ent at the N TS, namely that the anions would not 
be retarded w ith respect to groundw ater flow due to sorption on zeolitized tuff. 
Specifically, the experim ents show ed that the Cr0 4 ~' anion would not be retarded to any 
great extent by the zeolitized tu ff at the NTS. The SeO^" anion, how ever, would be 
retarded m ore than the chrom ate anion, but it w ould still be significantly m ore mobile in 
the subsurface environm ent than either o f the cations especially at the pH  values likely to 
be encountered at the NTS.
From  the previous discussions concerning the mobility o f the ions in the 
groundw ater at the NTS, it can be concluded that the cations would, in fact, be retarded to 
a greater ex tent than the anions. This can be attributed to the large cation-exchange 
capacity o f  the zeolitized tuff, and the fact that m ost zeolites tend to possess a net 
negative structural charge resulting from  isomorphic substitution o f cations in the crystal 
lattice. Specifically, the follow ing selectivity series for the zeolitized tu ff  and the ions 
studied can be established for groundw ater conditions likely to be found at the NTS;
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P b (H )> S r(ID » S e0 3 -> C r0 4 -'.
The batch equilibrium  experim ents using the clinoptilolite w ere perform ed so that 
a com parison with the zeolitized tu ff could be made. These com parisons as a  function o f 
adsorbent type were made in order to determine w hether the m ost com m on zeolite present 
in the zeolitized tuff from  R ainier M esa was responsible for the fractional uptake o f the 
ions. The com parisons revealed that the clinoptilolite contained w ithin the zeolitized tuff 
is responsible for the fractional uptake o f the cations at background electrolyte 
concentrations o f  0.1 and 0.01 M NaNO}. This can be attributed to the large cation- 
exchange capacity o f the clinoptilolite. For exam ple, it was shown that even at relatively 
low  solid adsorbent concentrations, the metal cations could be alm ost com pletely 
rem oved from solution by cation-exchange. The com parisons as a function o f adsorbent 
type, however, could not conclusively prove that the clinoptilolite contained w ithin the 
zeolitized tuff is m ainly responsible for the sorption o f Fb(II) at a background electrolyte 
concentration o f 1.0 M  NaNOs. At that background electrolyte concentration, it was 
assum ed that the Pb(II) cation was m ost likely binding as an inner-sphere coordination 
com plex to surface alum inol sites, or forming surface precipitates. It w ould be extremely 
difficult to prove, how ever, that the surface aluminol sites o f the zeolitized  tuff are solely 
provided by the clinoptilolite, because there are other alum inosilicate m inerals present in 
the altered vitric tuffs.
The com parisons o f anion sorption behavior as a  function o f  adsorbent type were 
also unable to conclusively show  that the clinoptilolite contained w ithin the zeolitized 
tu ff is responsible for the sorption behavior of the anions. For exam ple, based on the 
experim ental data, the fractional uptake o f the anions was assum ed to be controlled by
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surface aluminol groups. As with the case o f the Pb(H) cation  at the highest ionic 
strength, it cannot be conclusively proven that the AI2O 3 concentration o f the zeolitized 
tuff is solely related to the presence o f clinoptilolite, because there are other 
aluminosilicate m inerals present in the zeolitized tuff.
Recommendations for Future Research
Future work based on the results o f the batch equilibrium  sorption experim ents 
presented in this thesis can be divided into the two follow ing categories: kinetic 
investigations, and spectroscopic investigations. A num ber o f  o ther equilibrium  sorption 
experim ents, however, that were not conducted for this thesis due to time and budgetary 
constraints could be easily com pleted and help to increase the overall understanding of 
the sorption properties o f  the zeolitized tuff from the N TS. For exam ple, it w ould be 
extremely beneficial to perform  sim ilar types of batch equilibrium  sorption experim ents 
with the ions o f interest using either a water made to be representative o f the groundw ater 
from the NTS, or using actual groundw ater obtained from  a  well at the NTS. These types 
o f equilibrium  experim ents w ould have the advantage o f  sim ulating the actual 
groundw ater conditions found in the subsurface environm ent at the NTS. It has been 
pointed out, however, that sam ple disturbance, and the lack o f representation o f field flow 
conditions in batch equilibrium  studies can detract from the validity of the equilibrium  
sorption data if they have been applied to field situations (Patterson and Spoel, 1981).
In addition to perform ing additional batch equilibrium  sorption experim ents with 
groundwaters from the N TS, it w ould be beneficial to conduct colum n experim ents with 
the zeolitized tuff adsorbent. In these types of experim ents, a natural groundw ater with
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the contam inant of interest already added is passed though colum ns containing the 
zeolitized tuff. Using this type o f  approach, distribution coefficients can be calculated  
from  the shape o f the breakthrough curve (Patterson and Spoel, 1981). These types o f 
experim ents would be more sim ilar to conditions found in an aquifer, but it m ust be 
rem em bered that a natural flow system can never be com pletely reproduced in a  
laboratory setting. In addition, it w ould be useful to com pare the partitioning coefficients 
calculated with the column studies to the calculated sorption param eters from  the batch 
studies. It w ould also be beneficial to perform  more batch equilibrium  experim ents with 
other ions supplying the background electrolyte concentration. For exam ple, it w ould be 
interesting to see how background electrolyte concentrations supplied by say M g '^  or 
Ca"^ w ould effect the overall sorption behavior o f the ions o f interest.
Further studies into the suitability o f the zeolitized tuff from  the NTS to retard the 
transport o f potentially dangerous ions m ust include investigations into the kinetics o f 
sorption. Kinetic studies would provide information on the rate o f  uptake o f  the ions o f 
interest by the zeolitized tuffs. These types o f experiments w ould be able to determ ine 
w hether the rate o f uptake is a function o f the particle size or the pore structure o f  the 
adsorbent, and whether the rate o f ion exchange is controlled by internal diffusion, or 
external liquid film resistance. These types o f studies are im portant because it has been 
pointed out by Stumm and M organ (1996) that various steps are involved in the transfer 
o f  an ion to the adsorption layer, including the transport to the surface by convection or 
m olecular fusion. In addition, it has been pointed out by Papelis et al. (1995b) that in the 
m ajority o f studies o f inorganic ion rate o f uptake by oxides, a distinct tw o-step behavior 
is reported, including a fast initial uptake followed by much slow er gradual uptake that
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may continue for a period o f days to m onths. These types o f  studies would help to clarify 
the m echanism s responsible for ion sorp tion  on the zeolitized tuffs from  the N TS.
It has been pointed out num erous tim es that m acroscopic sorption experim ents 
alone cannot be used to distinguish betw een different types o f  sorption com plexes. 
Therefore, it is also recom m ended that spectroscopic m ethods be em ployed to provide 
specific structural inform ation about the possible sorbed com plexes that are form ed by 
the in teractions of the ions with the zeo litized  tuff. These types o f experim ents can help 
to d istinguish  between inner-sphere and  outer-sphere com plexes. For exam ple, Papelis et 
al. (1995a) state that structural inform ation obtained from X -ray absorption fine structure 
experim ents can be used to determ ine the closeness of the approach o f  an ion to a surface, 
which indicates the type o f  coordination com plex being form ed. It is im portant to 
d istinguish  between the type of com plex  being formed because it has been show n that 
ions behave as different chem ical en tities when the com plex being form ed is d ifferent. It 
is ex trem ely  important, therefore, to know  the type o f coordination com plex being 
form ed. In addition, these types o f  stud ies would help to clarify  w hether surface 
precipitates are being formed.
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APPENDIX I
CALCULA TED BEST-FIT D ISTRIBU TIO N  COEFFICIENTS
The distribution coefficients reported in the body o f the text were obtained by 
forcing the linear isotherm through the origin because that is one o f the assum ptions o f  a 
linear isotherm . Consequently, the reported slope o f  the isotherms does not represent the 
best-fit to the data. The best-fit to the slopes, IQ, the intercepts, and correlation 
coefficients, r", for each ion are reported in Table I- 1, Table I- 2, and Table I- 3,
Table I- 1. Best-fit calculated slopes and intercepts for Pb(H) in 1.0 M NaNO] at
different pH values.
pH Kd
(mVg)
Intercept
(g/g)
r '
4 8 .21x10" 1.37x1-" 0.984
5 1.05x10"* 8.74x10-^ 0.980
6 5.15x10"* -7.02x10-^ 0.535
7 1.16x10-3 2.16x10"* 0.392
8 4.11x10-3 -2.90x10"* 0.742
9 8.42x10-3 -2.40x10"* 0.910
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respectively. No results are reported for the CrO^" anion because the calculated sorption 
param eters for this anion were based on only one equilibrium  data point for each pH 
value investigated.
Table I- 2. Best-fit calculated slopes and intercepts for Sr(II) in 0.1 and 0.01 M  NaNO? at
different pH  values.
Ionic Strength 
(M )
pH Kd
(m^/g)
Intercept
(g/g)
r‘
0.1 4, 5, 6, 7, 8, 9 1.93x10"* -7.37x10" 0.965
0.01 4, 5, 6, 7, 8. 9 2.33x10-3 1.70x10"* 0.966
Table I- 3. Best-fit calculated slopes and intercepts for SeO]^ in 1.0 and 0.1 M  NaNO? at
different pH  values.
Ionic Strength 
(M )
pH Kd
(m3/g)
Intercept
(g/g)
r '
1.0 4 2.35x10-" 9.70x10"' 0.995
1.0 5 2.28x10-" 4 .4 8 x 1 0 ’ 0.999
1.0 6 1.71x10-" 4 .0 6 x 1 0 ’ 0.999
1.0 7 1.05x10" 4.47x10"’ 0.995
0.1 4 2 .03x10" 1.13x10"" 0.992
0.1 5 1.39x10-" 7.27x10"’ 0.994
0.1 6 4.65x10-’ 4.83x10"’ 0.988
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APPENDIX a
CA LCU LA TED  RETA RD A TIO N  FACTORS B A SED  ON  THE 
D ISTRIBUTION C O EFH C IEN TS
The distribution coefficients (Kd) reported  in the body o f  the text and in A ppendix 
I can be used to estim ate retardation factors (R) for the Pb(II), Sr(II). C r O /  . and S e0 3  ^
ions as they travel in the groundw ater w hile in contact with the zeolitized tuff from 
R ainier M esa using the follow ing equation:
R = 1 +  (pb/0)(Kd) (8)
w here
pb = bulk  density o f the m aterial 
0 = porosity  o f the material
Kd = distribution coefficient o f the solute for the material
A ccording to Patterson and Spoel (1981), if a solute is reactive, it will travel at a 
slow er rate than the groundw ater owing to sorption processes. T he rate of the solute 
m ovem ent can be determ ined by the retardation equation:
V, = Vg^/R (9)
where
Vgw =  average groundw ater velocity
165
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Vc = average velocity  o f  the contam inant
Em ploying th is equation, predictions concerning the m obility  o f radionuclides and 
other inorganic contam inants in a groundw ater flow system m ay be made if the 
distribution coeffic ien t and the other hydrogeological param eters are known (Patterson 
and Spoel, 1981). U sing the porosity and bulk density values calculated  by 
M icrom eritics, retardation factors were estim ated for both the linear distribution 
coefficients and for the best-fit linear distribution coefficients. T he retardation factors for 
each ion are listed in Table H- 1, Table H- 2, Table II- 3, and T able II- 4, respectively. No 
retardation factors based on the best-fit distribution coefficients could  be calculated for 
the CrO^^ anion because the distribution coefficients for C r0 4 3 ‘ w ere based on only one 
equilibrium  data point. It needs to be em phasized, however, that these calculated 
retardation factors can  only be considered to be estimates because the bulk density and
Table H- 1. R etardation factors for the Pb(H) cation in 1.0 M  NaNOs at different pH
values.
pH Kd
(m^/g)
R
(Kd)
Best-fit Kd 
(m3/g)
R
(Best-fit Kd)
4 8.31x10'"' 318 8.21x10'"' 314
5 1.05x10"* 402 1.05x10"* 402
6 5.14x10"* 1967 5.15x10"* 1971
7 1.24x10-3 4745 1.16x10-3 4439
8 3.87x10-3 14810 4.11x10-3 15729
9 8.06x10-3 30846 8.42x10-3 32223
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porosity values that w ere used in the retardation equation were obtained from the ground 
zeolitized tuff. V alues for the bulk density and porosity o f the natural zeolitized tuff in 
the field would be very different than the values for the bulk density  and porosity that 
were used to calculate these retardation factors. For example, differences in these values 
w ould arise because the bulk density o f a m aterial is highly dependent on the degree of 
com paction, and to calculate true retardation factors the effective porosity o f the material 
needs to be used. T he effective porosity takes into account pore spaces that are actually 
interconnected for groundw ater flow, whereas porosity does not. In addition, the IQ 
values that were used are highly dependent on the specific geochem ical conditions at 
w hich the fractional uptake data were obtained (e.g. the solid concentration and the ion 
concentration), and there is some debate as w hether these IQ values w ould be applicable 
to the subsurface environem ent. Consequently, the true retardation factors for the ions o f 
interest in the actual subsurface environm ent would be different from  the values reported 
in this appendix. T hese retardation factors, however, do at least provide a starting point 
to begin calculations estim ating the migration o f  these contam inants in the subsurface 
environm ent at the N TS.
Table U- 2. Retardation factors for the Sr(II) cation in 0.1 and 0.01 M NaNOg.
Ionic Strength Kd R B est-fit Kd R
(m^/g) (Kd) (m3/g) (Best-fit Kd)
0.1 M 1.92x10"* 735 1.93x10"* 739
0.01 M 2.50x10-3 9565 2.33x10-3 8917
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Table II- 3. Retardation factors for the C rO c ’ anion in 1.0, 0.1. and 0.01 M NaNO? at
different pH  values.
Ionic Strength 
(M )
pH Kd
(m^/g)
R
(Kd)
1.0 4.68 3.22x10'" 12.3
1.0 5.64 6.69x10’ 2.56
1.0 7.33 6.24x10'* 0.24
0.1 3.93 2.60x10" 10.0
0.1 4.50 2.08x10" 7.96
0.1 5.12 4.70x10'’ 1.80
0.01 4.43 6.30x10" 24.1
0.01 5.05 2.62x10" 10.0
0.01 5.62 6.83x10'’ 2.61
Table H- 4. Retardation factors for the SeO;" anion in 1.0 and 0.1 M NaN Os at different
pH values.
Ionic Strength 
(M)
pH Kd
(m^/g)
R
(Kd)
Best-fit Kd
(m^/g)
R
(Best-fit Kd)
1.0 4 2.52x10'" 9.6 2 .35x10" 9.0
1.0 5 2.35x10'" 9.0 2 .28x10" 8.7
1.0 6 1.77x10'" 6.8 1.71x10" 6.5
1.0 7 1.12x10'" 4.3 1 .05x10" 4.0
0.1 ■ 4 2.22x10'" 8.5 2 .03x10" 7.8
0.1 5 1.51x10-" 5.8 1 .39x10" 5.3
0.1 6 5.35x10-’ 2.0 4 .6 5 x 1 0 ’ 1.8
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